INTRODUCTION
The temporal and spatial constancy of fault loading and strain release rates is one of the most fundamental, unresolved issues in modern tectonics. In order to understand how strain is distributed in both time and space across plate boundaries slip rate and displacement data must be compared over a wide range of temporal and spatial scales, from very short-term (tens of years) geodetic data to longer-term (thousands to millions of years) geologic data and from individual fault segments (hundreds to thousand of meters) to entire fault zones (tens to hundreds of kilometers). Such data are critical to unraveling the complex behavior of lithospheric deformation along plate boundaries.
The eastern California shear zone is an ideal natural laboratory in which to study the spatial and temporal evolution of active plate boundary fault systems. As such, the region has been the focus of a number of fi eld-based studies in recent years, each with the goal of unraveling the spatial and temporal histories of fault displacements and slip rates. Results of this research highlight the importance of the eastern California shear zone as a major piece of the Pacifi c-North America plate boundary evolution puzzle.
The eastern California shear zone is an evolving component of the Pacifi c-North America plate boundary system (e.g., Faulds et al., 2005; Wesnousky, 2005) . This region of predominantly right-lateral strike-slip faults is thought to accommodate ~20%-25% of total relative motion between the Pacifi c and North America plates (Bennett et al., 2003; Dixon et al., 2000 Dixon et al., , 2003 Dokka and Travis, 1990; Hearn and Humphreys, 1998; Humphreys and Weldon, 1994; McClusky et al., 2001; Thatcher et al., 1999) . The area of active deformation extends northward from the eastern end of the Big Bend of the San Andreas fault near Palm Springs for ~500 km through the Mojave Desert and along the western edge of the Basin and Range east of the Sierra Nevada (Fig. 1) .
In the Mojave Desert, south of the left-lateral Garlock fault, the eastern California shear zone comprises a 100-km-wide network of NNW-trending right-lateral faults. Geodetic data indicate that elastic strain is accumulating across this zone at a rate of 12 ± 2 mm/yr (Savage et al., 1990; Gan et al., 2000; McClusky et al., 2001; Miller et al., 2001; Peltzer et al., 2001 ). Seismological and paleoseismological data also indicate that this part of the eastern California shear zone releases strain at a relatively rapid rate; portions of several of these faults ruptured during the 1992 moment magnitude (M w ) 7.3 Landers and 1999 M w 7.1 Hector Mine earthquakes. Moreover, paleoseismologic data indicate that these two earthquakes are part of an ongoing, ≥1000-yr-long seismic cluster (Rockwell et al., 2000) . However, such evidence for rapid strain accumulation and release during the recent past is at odds with longer-term slip-rate data, which suggest that the long-term, cumulative slip rate across the Mojave part of the eastern California shear zone is much slower. Recent work in the Mojave section of the eastern California shear zone indicates the total long-term slip rate across this fault system is on the order of 5-7 mm/yr, or about half of the current rate of strain accumulation determined from space-based geodesy (Oskin and Iriondo, 2004; Oskin et al., 2006 Oskin et al., , 2007 These observations suggest a pronounced strain transient across the Mojave section of the eastern California shear zone.
The Garlock fault bisects the eastern California shear zone, forming a major geologic and physiographic boundary between the Mojave Desert and western Basin and Range (Fig. 1 ). This fault system began accommodating Pacifi c-North America plate boundary deformation in the middle to late Miocene and has long been recognized as a major tectonic feature in the region (Burbank and Whistler, 1987; Davis and Burchfi el, 1973; Loomis and Burbank, 1988; Monastero et al., 1997; Smith et al., 2002) . Since the late Pleistocene, there has been at least 18 km of offset along the fault, yet little to no signifi cant earthquake activity has occurred over at least the past ~300 yr (Carter, 1980; Dawson et al., 2003; McGill and Sieh, 1991) . The Garlock fault is somewhat enigmatic in that nowhere does it appear to offset, or be offset by, NW-trending eastern California shear zone faults. A large question in eastern California shear zone tectonics remains as to how Pacifi c-North America plate boundary strain is transferred through, or around, the Garlock fault.
Nonetheless, displacement from the southern part of the eastern California shear zone in the Mojave Desert is funneled northward across the Garlock fault onto four main fault systems; the Owens Valley, Panamint Valley-Hunter Mountain-Saline Valley, Death Valley-Fish Lake Valley, and Stateline fault zones (Fig. 1) . The only fault in the northern eastern California shear zone to experience signifi cant seismic activity is the Owens Valley fault, which last ruptured in a M w 7.6(?) earthquake near the town of Lone Pine in 1872 (Beanland and Clark, 1994) . A series of down-to-the-NW normal faults transfer slip between the Owens Valley, Panamint Valley-Hunter Mountain-Saline Valley, and Death Valley-Fish Lake Valley faults ( Fig. 1 ; Dixon et al., 1995; Lee et al., 2001a; Reheis and Dixon, 1996) . In contrast to the strain transient south of the Garlock, the region-wide rate of dextral shear across these four faults appears to have remained constant at 9-10 mm/yr over late Pleistocene to recent time scales, although large uncertainties in geologic slip rates on the Owens Valley and Panamint Valley-Hunter Mountain-Saline Valley faults make the strain budget somewhat tentative (Bacon and Pezzopane, 2007; Bennett et al., 2003; Frankel et al., 2007a; Lee et al., 2001b; Oswald and Wesnousky, 2002) .
Farther north, dextral motion between the Sierra Nevada block and North America is focused on two faults bounding the east and west sides of the White Mountains: the White Mountains fault zone to the west and the Fish Lake Valley fault zone to the east. Of these two, global positioning system (GPS) data suggest that the Fish Lake Valley fault system is storing at least 75% of the elastic strain accumulating in this region (Dixon et al., 2000) . However, recent late Pleistocene slip rate studies on these two faults reveal a geologic versus geodetic rate discrepancy similar to that in the Mojave, whereby the White Mountains and Fish Lake Valley faults account for less than half of the region-wide rate of shear determined from GPS data (Bennett et al., 2003; Frankel et al., 2007b; Kirby et al., 2006) .
Until recently, the total displacement on any of the major faults in the eastern California shear zone was thought to be only a few tens of kilometers (Burchfi el et al., 1987; Guest et al., 2007; Moore and Hopson, 1961; Niemi et al., 2001; Ross, 1962) . However, the correlation of Jurassic and Cretaceous dikes, Cretaceous leucogranites, and a Devonian submarine channel across Owens Valley suggests that right-lateral deformation, in what is now the eastern California shear zone, is much greater than this and may have started as early as 83 Ma (Bartley et al., 2008; Glazner et al., 2005; Kylander-Clark, 2003; Kylander-Clark et al., 2005) . The total dextral component of shear across Owens Valley serves as an important constraint on the timing, duration, and rate of strikeslip deformation throughout the region.
This fi eld guide reviews some of the newest results bearing on displacement and slip rate histories for many of the faults in the eastern California shear zone. We begin with a discussion of temporal variations in rates of deformation across the Mojave Desert, then move on to Miocene to recent slip rate variations along the Garlock fault, followed by a history of faulting in Owens Valley spanning the past 83 m.y., and fi nish with a discussion of late Pleistocene slip rates and kinematics of the Death Valley-Fish Lake Valley fault system. The second part of the guidebook serves as a road log to 12 fi eld sites that we feel provide an excellent representation of the Late Cretaceous to late Holocene deformational history of the eastern California shear zone.
ACTIVITY OF THE EASTERN CALIFORNIA SHEAR ZONE ACROSS THE CENTRAL MOJAVE DESERT: EXAMPLE OF THE LENWOOD FAULT
Paleoseismic records from southern California indicate clustering of earthquake activity over millennial time-scales on individual major faults (Garlock: Dawson et al., 2003; San Andreas: Weldon et al., 2004; San Jacinto: Rockwell et al., 2006) and across fault systems (Mojave eastern California shear zone: Rockwell et al., 2000 ; Los Angeles basin: Dolan et al., 2007) . Understanding the origin of such clustered earthquake activity is clearly important for seismic hazard forecasts and also bears on understanding of fault strength and loading processes. Discrepancy between geologic slip rates and short-term loading measured from geodesy can indicate variation in the distribution of loading rate across a system of faults (e.g., Bennett et al., 2004) . The Mojave Desert portion of the eastern California shear zone contains well-documented examples of such conditions. The sinistral Garlock fault is undergoing loading at less than half its well-established geologic slip rate of 5-7 mm/yr (McClusky et al., 2001; McGill and Sieh, 1993) . Conversely, the Blackwater fault appears to be loading at a rate that is up to an order of magnitude faster than its geologic slip rate (Peltzer et al., 2001; Oskin and Iriondo, 2004) .
New evidence from a comprehensive slip-rate investigation across the Mojave Desert section of the eastern California shear zone reveals that the geologic versus geodetic discrepancy exists system-wide (Oskin et al., 2006) . New slip rates were determined from mapping of high-resolution airborne laser swath mapping (ALSM) topography and dating of offset features along six dextral faults that comprise the eastern California shear zone at ~34.7°N. From east to west these faults are the Helendale, Lenwood, Camp Rock, Calico, Pisgah-Bullion, and Ludlow (Fig. 1) . Based on offset alluvial fans and mid-Quaternary basalt fl ows, the sum of fault slip-rates across the entire province is at most ~6 ± 2 mm/yr (Oskin et al., 2006) . This geologic rate is only half the geodetic rate of 12 ± 2 mm/yr across the province (Sauber et al., 1994; Bennett et al., 2003) but is comparable to that expected from the paleoseismology of Rockwell et al. (2000) . This rate discrepancy supports the conclusions of Peltzer et al. (2001) and Dolan et al. (2007) that strain accumulation alternates between different components of the southern California fault system, though the length-and time-scale of such alternation remains to be determined. Consistency of strain release rates measured over ~60 k.y. and ~650 k.y. on the Calico fault (Oskin et al., 2007) and the overall consistency between geologic rates and paleoseismicity suggests that the time-scale of loading variation is shorter than the ~5000 yr return period of Mojave eastern California shear zone earthquake clusters.
The Lenwood Fault
The Lenwood fault is a typical example of the active dextral faults that transect the Mojave Desert region. Total dextral slip on the northern Lenwood fault is only 1.0 ± 0.2 km, based on offset of the Lenwood anticline (Strane, 2007) . This offset is consistent with ~1 km displacement of a 7.33 ± 0.12 Ma (   40   Ar/   39 Ar; A. Iriondo, unpublished data) basalt fl ow in the Fry Mountains by the southern Lenwood fault (Carleton, 1988) . South of the Fry Mountains, the Old Woman Springs fault branches westward from the Lenwood fault. Both fault strands terminate southward at the foot of the San Bernardino Mountains. Similar bifurcations occur approaching southern terminations of other Mojave eastern California shear zone dextral faults (Fig. 1) . Slip on the northernmost Lenwood fault diminishes into parasitic folding of the north limb of the Lenwood anticline (Dibblee, 1970) before reemerging as the Lockhart fault (Fig. 1 ). Geologic and geomorphic mapping of a 48 km 2 ALSM topographic survey by Strane (2007) defi ned both Miocene and late Quaternary stratigraphy and displacements. This fi eld guide examines two sections of the northern Lenwood fault where Quaternary alluvial fan markers have been deposited across the fault and cut by subsequent dextral slip (Figs. 2 and 3 ).
Alluvial Fan Ages and Stratigraphy
Quaternary units are subdivided based upon three weathering-related, age-diagnostic criteria (Wells et al., 1987) : (1) development of desert varnish and rubifi cation (reddening) on surface clasts, (2) development of desert pavement, and (3) smoothing of depositional bar and swale microtopography. Smoothing over time of depositional alluvial landforms such as bars and channels is especially apparent in comparisons of differently aged surfaces with high resolution topography (e.g., Frankel and Dolan, 2007) . In the Mojave Desert region, recognizable bar and swale morphology is generally only present in active washes, but can be preserved in very young alluvial surfaces and is useful for identifying Holocene alluvial fans (Bull, 1991) . Dissection also serves to differentiate alluvial surfaces. Generally, the more highly dissected fans are older (Bull, 1991) . However, the smoothing effects of soil and pavement development can counteract formation of channels. Based on these criteria, three generations of older alluvial fan deposits are differentiated along the Lenwood fault. The oldest deposit, Q2 a , is characterized by a continuous, smooth, well-interlocked desert pavement with angular, darkly varnished and rubifi ed surface clasts. The intermediate deposit, Q2 b , has less well-developed pavement and clast coatings. Q2 b can also be differentiated from Q2 a by the presence of well-defi ned, but shallow incised channels and by the degree of soil development. The youngest deposit, Q3, preserves relict bar and swale topog-raphy. Clast coatings are very light and pavement development is mostly absent except for some winnowing of fi ne materials from relict channels.
Cosmogenic dating using in situ accumulation of 10 Be in quartz (e.g., Gosse and Phillips, 2001 ) yielded a very welldefi ned age for the Q2 b surface (Fig. 4) . Samples of both small quartz pebbles and sand-sized bulk sediments were extracted from a 1.8-m-deep hand-excavated pit located in a large, wellpreserved Q2 b alluvial fan. The sample site is situated within the southern fi eld stop (Stop 1; Figs. 1 and 2), where topographic relationships indicated a thick accumulation of Q2 b deposits. This site was found to be characterized by very high 10 Be inheritance, equivalent to >60 k.y. of surface-exposure. Interestingly, it was also found that this inheritance varied with grain size (Fig. 4) . Despite the high inheritance, the depth-profi le approach yielded a very well constrained date of 37 ± 7 ka for the abandonment of the Q2 b alluvial fan depositional surface.
Fault Offsets and Along-Strike Slip Rate Gradients
Offsets of Q2 b alluvial fans and related inset channels are apparent in both the southern and northern fi eld stops (Stops 1 and 2; Figs. 1, 2, and 3), though the northern set of offsets is better defi ned. Here, combined constraints from a pair of inset channels and a shutter ridge yield an offset of 30 ± 5 m (Fig. 3) . Channel defl ections in the southern fi eld stop (Stop 1) are complicated by multiple fault strands and fan emplacement along the fault scarp (Fig. 2) . Offsets of the larger channels proved diffi cult to constrain, but must be <60 m. One small channel that crosses a pull-apart basin appears offset 45 ± 5 m. However, it is possible that the channel fl owed parallel to the Lenwood fault as the pull-apart basin formed, reducing the amount of slip required. If this amount of slip accrued here since abandonment of the Q2 b alluvial fan, then the slip rate along this portion of the Lenwood fault would be 1.2 ± 0.2 mm/yr, which Pull-apart basin Figure 2 . Hillshaded airborne laser swath mapping (ALSM) topography, illuminated from the west (top) and geologic interpretation (bottom) near Stop 1 (Fig. 1) , showing stream defl ections along the Lenwood fault. Gray patches are gaps in ALSM data. One-meter contours (light gray lines) with 10-m index contours (dark lines, elevations labeled). Middle to late Miocene Barstow Formation consists of poorly consolidated conglomerate at this locality. Arrows: 1-defl ection of stream by ~270 m around Q2 b fan. Though modifi ed by faulting, this defl ection is interpreted as primarily a result of aggradation of fans derived from the southeast; 2-~60-mwide stream apparently undefl ected by faulting. Slip since emplacement of Q2 b probably does not exceed the width of this stream; 3-Pull-apart basin in Q2 b hosts a small channel that is defl ected 45 ± 5 m. Star symbols show locations of 10 Be sample pit (P) and modern stream samples (upstream of S).
is 50% higher than the rate of 0.8 ± 0.2 mm/yr calculated from the better constrained northern site. Such along-strike gradients in slip rate have become increasingly recognized in the eastern California shear zone (e.g., Frankel et al., 2007a Frankel et al., , 2007b Oskin et al., 2007) and represent an important source of potential error that needs to be addressed when compiling geologic rate budgets.
Summary
The Lenwood fault is a typical example of the rather slowmoving (~1 mm/yr) dextral faults that comprise the eastern California shear zone across the central Mojave Desert. Displaced Q2 b alluvial fans and related inset channels document well-constrained offset of 30 ± 5 m and a less well-constrained offset of 45 ± 5 m at two sites along the northern Lenwood fault. A cosmogenic depth-profi le age of 37 ± 7 ka for a Q2 b alluvial fan results in slip rates of 0.8 ± 0.2 mm/yr and 1.2 ± 0.2 mm/yr for these respective sites.
MIDDLE TO LATE MIOCENE STRATIGRAPHY OF THE SUMMIT RANGE AND RED ROCK CANYON: IMPLICATIONS FOR TEMPORAL VARIATIONS IN SLIP RATE ON THE GARLOCK FAULT
The Summit Range, or Summit Diggings as it is labeled on some maps, is located west of the Trona-Red Mountain Road, ~20 km south of Ridgecrest on the south side of the Garlock Fault (Stop 3, Fig. 1 ). It covers a relatively small ~20 km 2 area with the western half consisting of late middle Miocene to earliest Pliocene volcanic, volcaniclastic, and sedimentary rocks that rest nonconformably on Cretaceous (86 Ma) quartz monzonite basement (ages given above and in the rest of the sections for the Summit Range and Red Rock Canyon areas are from Monastero and Walker, unpublished data). Dibblee (1967) included the Summit Range in his discussion of the Lava Mountains although the latter area extends signifi cantly farther south and east and is generally underlain by younger rocks than in the Summit Range (Smith et al., 2002) . Recent work indicates that the Summit Range 
North
Figure 3. Hillshaded airborne laser swath mapping (ALSM) topography, illuminated from the west (top) and geologic interpretation (bottom) near Stop 2 (Fig. 1) , showing stream defl ections along the Lenwood fault. Gray patches are gaps in ALSM data. Ten-meter index contours shown as dark lines with elevations labeled. Early Miocene Pickhandle Formation here consists of consolidated conglomerate with poorly exposed bedding except for occasional, 2-25-m-thick lenses of monolithologic megabreccia. Mid-to late Miocene Barstow Formation consists of well-bedded sandstone and conglomerate at this locality. Arrows: 1 and 2-locations of a pair of channels defl ected by dextral slip along the Lenwood fault; 3-shutter ridge formed by dextral offset of channel wall and adjacent hillslopes. Combining all of these constraints yields a best-fi t offset of 30 ± 5 m since incision of Q2 b .
rocks constitute a separate volcanic center that can be directly correlated with middle to late Miocene Dove Spring Formation rocks that crop out in the Red Rock Canyon area on the north side of the Garlock fault, ~30 km west-southwest of the Summit Range (Stop 4, Fig. 1 ).
Middle to Late Miocene Stratigraphy of the Summit Range
The stratigraphy in the Summit Range is shown in Figure 5 . Locally overlying the crystalline basement is gray andesite porphyry. This fi ne-grained rock has phenocrysts of plagioclase that have altered rims and hornblende that has been completely replaced by limonite. The age for this rock is 15.6 ± 0.5 Ma (from (U-Th)/He on zircon), which makes it equivalent to the early middle Miocene Cudahy Camp unit 5 (Tc 5 ) of the Red Rock Canyon area. Above this unit is a series of deep red to tan arkosic sandstones, conglomerates, olive-drab-brown mudstones, limestones, and cherts. Most of these rocks appear to be water-lain sedimentary rocks with varying amounts of ash, lithic clasts, and pumice. Some of the rocks appear to be lahars with crystals of feldspar and biotite scattered throughout a dense red matrix. Many of the mineral grains are hydrothermally altered (e.g., reaction rims on feldspars and limonite replacement of mafi cs). These rocks are probably equivalent to the lower Dove Spring Formation of Red Rock Canyon (Loomis and Burbank, 1988) .
Overlying and locally interbedded with the sedimentary units is a series of tuffs, lahars, and debris fl ows that display a wide range of compositions, colors, thicknesses, and degrees of induration. The base of this sequence consists of gray to dark reddish brown to light purple-brown, ash-rich debris fl ows and lahars (Fig. 5) . Some contain volcanic bombs that range in size from 20 cm to 30 cm and are fractured in-place, indicating they were hot when emplaced.
The next overlying unit consists of a series of tuffs that vary widely in color and degree of induration (Fig. 5) . Most are white, cream, green, or gray-green, probably representing varying amounts of alteration. Some are clearly air-fall tuffs that conform to irregularities, while others appear to be small ash-fl ow events. There are also instances where apparent epiclastic units occur within the tuff sequence as denoted by the occurrence of rounded grains of quartz and other accessory minerals. This entire unit attains a thickness of >15 m in the Summit Digging location, but the total thickness and inclusion of all tuffs in the sequence at correlative outcrops varies widely.
A distinctive pink to orange-pink ash-fl ow tuff lies within this unit and crops out prominently in the middle of the Summit Range area. This pumiceous lapilli tuff is rich in lithic clasts with compositions including propylitically altered porphyritic extrusive volcanic rocks, plutonic rocks of varying composition, quartz, and banded rhyolite (Fig. 5) . It also has a large percentage by volume of pumice clasts. It reaches a thickness of several meters in outcrop in the Summit Digging area, and crops out widely on the fl oor of the valley, where it can be found overlying the tan and deep red lahars, debris fl ows, and sandstones, and in other places be found beneath them. The age of this unit is 11.8 ± 0.9 Ma (from (U-Th)/He on zircon).
The next highest stratigraphic unit consists of a series of dacite domes, fl ows, and tuffs clustered in a 5 km 2 area situated on the western and southern margins of the Summit Range. These units overlie the white tuffs that form the valley fl oor between the westernmost fl ows and the easternmost domes and overlie the tuffs on a small, elliptical, NE-trending hill 2 km south of the main diggings. Units in the domes are quite distinctive because of their coarse phenocrysts of twinned (Carlsbad habit) orthoclase that reach lengths of several centimeters. These are embedded in a fi ne-grained, reddish-brown matrix with biotite and small quartz grains. On the easternmost dome, there is a vertical fabric to the rock. The dome is surrounded on two sides by outcrops of lava fl ows with the same, only fi ner-grained, mineral composition as the dome. These fl ows exhibit abundant fl ow features, such as alignment of phenocrysts in fl ow bands, and contorted, brecciated fl ow fronts. Flows at the southeast corner of the dome dip 30-40° outward and show well-developed cooling column structure. The radiometric age of this dome is 11.0 ± 0. Be concentration versus depth for quartz-bearing sediment from Q2 b fan surface adjacent to the Lenwood fault (P in Fig. 2 ). Both 1-3-cm-sized pebbles and sand-sized material were measured. Beryllium-10 concentrations from these different grain sizes showed a consistent offset from one another, with higher inheritance for sand-sized grains. The order switches for the modern stream sample site (S on Fig. 2) , where sand-sized grains have signifi cantly lower concentration than shielded samples from a 150 cm depth. Gray bands show 95% confi dence of mean concentration of 10 Be with depth for independent age models for each grain size. Both models yielded an identical mean age of 37 ka. Normalizing all pit samples to a common inheritance value, and including the sample of pebbles from the modern stream sample, yields an age of 37 ± 7 ka (95% confi dence) for Q2 b .
mostly massive, coarsely porphyritic dacite. There is pervasive argillic alteration of orthoclase and biotite phenocrysts and a general vertical fabric, which suggests fl ow within a vent. The heavily altered area covers ~75-100 m 2 and stands 8-10 m high. Numerous examples of monolithologic breccias reminiscent of vent structures can be found on the top of the dome. Flows extend to the south and west of the dome complex and thin rapidly to 1-3 m within 1 km. The age of this dome is determined to be 11.7 ± 0.6 Ma ( 
Middle to Late Miocene Stratigraphy of the Red Rock Canyon Area
Approximately 30 km west-southwest of the Summit Range is the Red Rock Canyon area (Stop 4, Fig. 1 ). Situated at the southwest end of the El Paso Mountains, this area is the type section for the middle to late Miocene Dove Springs Formation (Loomis, 1984) . The stratigraphic succession for this interval is shown in Figure 5 . Loomis (1984) divided the rocks into six units, ranging in age from 13.5 Ma to ca. 7 Ma; the Dove Springs rests disconformably on the early to middle Miocene Cudahy Camp Formation. The hiatus between the Cudahy Camp and Dove Springs Formations was determined by Loomis and Burbank (1988) to be 15.1-13.5 m.y. based on magnetostratigraphy, K-Ar, and fi ssion track dates.
The lowest part of the Dove Springs section contains conglomerate and sandstone consisting of poorly sorted, massive to crudely stratifi ed units dominated by volcanic and plutonic clasts in an ash-rich matrix. The unit grades continuously upward into massive, dirty arkosic sandstones. The top of this unit is Monastero and Walker (unpublished data) , denoted M&W, and from Loomis and Burbank (1988) and Whistler and Burbank (1992) , denoted L&B. Units and descriptions for the Red Rock Canyon area are from Loomis and Burbank (1988). arbitrarily defi ned as the point where the sandstones and conglomerates become less massive and more stratifi ed. There are no age-specifi c geochronology markers in this unit.
Member 2 of the Dove Spring Formation (Td 2 ) crops out extensively in the south-central part of Red Rock Canyon State Park where it is dominated by conglomerates, sandstones, and volcanic tuffs (Fig. 5) . Loomis (1984) determined that the provenance of these rocks was from a source located to the south and east. The sedimentary and epiclastic rocks consist of grains of quartz, feldspars, and biotite, with varying degrees of rounding, and ash, pumice, and lithic clasts from volcanic and plutonic sources. They vary in color from deep red to tan, are intimately interleaved, and constitute between 200 and 400 m of section.
In the middle of Td 2 , there is a pink lapilli ash-fl ow tuff (Tda) that is a prominent ridge-former in the Red Rock Canyon area (Fig. 5) . The unit is made up of two separate fl ows, with a cooling break between them. The rock is rich in pumice clasts (0.5-2.0 cm) and lithics (propylitically altered volcanics, banded rhyolites, and plutonic fragments) in an ash-and crystal-rich matrix. This unit grades northeastward to a white to light gray air-fall tuff dated at 11.8 ± 0.9 Ma (Whistler and Burbank, 1992) . There are several thin (tens of centimeters) white air-fall and pumicerich tuffs below this unit that have been dated at 11.7 ± 0.6 Ma ( 40 Ar/ 39 Ar). Overlying the pink tuff is a continuation of the Td 2 -type rocks described in the foregoing paragraph.
Higher in the section there are two basalt fl ows (Tdb 2 and Tdb 3 of Loomis, 1984) , the lower of which have been dated at 11.3 ± 0.3 Ma ( 40 Ar/ 39 Ar; Monastero and Walker, unpublished data) . These fl ows are interleaved with more of the Td 2 type rocks although they are grouped into higher units of the Dove Spring.
Implications of Unit Correlation at Red Rock Canyon and the Summit Range
Although the relative positions of the Summit Range volcanic center and the southern Red Rock Canyon stratigraphic sequences at the time of emplacement cannot be determined with absolute certainty, it is clear that they correlate in age and lithology over a wide range of time. It is suggested that the Summit Range location was the source area for most of the volcanic components of the lower Dove Spring Formation in Red Rock Canyon. Based on thickness of the pink lapilli tuff and the fact that the Tda unit makes a transition to a pure white air-fall tuff in a north-northeasterly direction, we interpret that the two sites were more or less juxtaposed across what is now the Garlock fault when the volcanic center was active between 12 and 11 Ma. The notion of the Garlock being an intracontinental transform (Davis and Burchfi el, 1973) that acts as an accommodation zone for extension north of the fault from a relatively unextended area south of the fault, implies that movement on the Garlock could not have initiated before the onset of extension in the southwest Basin and Range. Wernicke et al. (1988) report the onset of extension in the Las Vegas Valley shear zone-Lake Mead area ca. 16 Ma, and McKenna and Hodges (1990) cite 15 Ma as the time of initiation of extension in Death Valley. This would mark the beginning of movement on the Garlock fault inasmuch as there would have been no need for such a structure prior to this time. The assumption is, therefore, that initial movement on the eastern part of the Garlock fault began ca. 15 Ma, which means that there was ~30 km of sinistral offset on the Garlock from inception of movement until 12-11 Ma. This translates to a rate of offset of between 7 and 10 mm/yr. Since that time, an additional ~35 km of offset has resulted in the present spatial relationship of the two sites, which calculates to a slip rate of 2.75-3.0 mm/yr-much slower than the rate of the earlier period.
The specifi c cause of this dramatic decrease in offset rate on the Garlock fault is not known with certainty at present. Lonsdale (1991) and Atwater (1989) document a change in the confi guration of the Pacifi c and North America plates ca. 12.5 Ma. Lonsdale (1991) contends that the plate offshore Baja California stopped spreading at this time, subduction ceased, and the Rivera triple junction jumped southward to the tip of the Baja peninsula. Atwater (1989) found that at this same time there was simultaneous formation of a continuous boundary between these two plates from central California to the tip of Baja. There are numerous examples of volcanic outbursts during this time in the nearby Owlshead Mountains (Calzia and Ramo, 2000) , Death Valley (Thompson et al., 1993; Troxel, 1994) , and Eagle Crags volcanic fi eld (Monastero et al., 1994) . It is possible, and actually highly probable, that the rate of sinistral offset on the Garlock fault varied considerably from 12 to 11 Ma until present, but such correlations are left to a more detailed understanding of the stratigraphy of the middle to upper Dove Spring Formation and the volcanic units found in the Lava Mountains (Smith et al., 2002) .
Summary
The rocks exposed in the Summit Range and Red Rock Canyon demonstrate that at 12-11 Ma the two areas, which are now separated by ~35 km of sinistral offset on the Garlock fault, were directly opposite one another across that structure. This implies that initial motion on the Garlock fault was on the order of 10 mm/yr from ca. 15-12 Ma. If this is correct, then the later offset rate is a factor of three to four times slower, averaged over the past 11 Ma.
BEDROCK EVIDENCE FOR 65 km OF DEXTRAL OFFSET ACROSS OWENS VALLEY, CALIFORNIA, SINCE 83 Ma
Historic earthquakes (Beanland and Clark, 1994) , paleoseismology (Bacon and Pezzopane, 2007; Lee et al., 2001b) , and geodesy (Dixon et al., 2003) indicate that the modern tectonic regime of Owens Valley is dominated by right slip that accommodates a signifi cant fraction of the relative motion between the North America and Pacifi c plates. However, the total magnitude and the timing of lateral slip across Owens Valley have been uncertain. Conventional wisdom has long been that net lateral slip across the valley is no more than 10 km (Moore and Hopson, 1961; Ross, 1962) and that right slip in Owens Valley began in Plio-Pleistocene time (Lee et al., 2001b) .
However, recently identifi ed offsets of several bedrock geologic markers indicate dextral displacement of 65 ± 5 km ( Fig. 6) , including, from youngest to oldest: (1) the Golden Bear dike in the Sierra Nevada and the Coso dike swarm in the northern Coso Range; (2) 102-103 Ma leucogranite and mafi c granodiorite plutons into which the Golden Bear and Coso dikes were intruded; (3) the axis of maximum dilation of the 148 Ma Independence dike swarm; and (4) a Devonian submarine channel complex and other geologic features identifi ed in the Mount Morrison roof pendant in the Sierra Nevada and east of Tinemaha Reservoir at the base of the Inyo Range (Fig. 6 ). The offsets are interpreted to record the same displacement that must have accumulated since 83 Ma, when the Golden Bear-Coso dikes were emplaced.
Offset Geologic Markers
Golden Bear and Coso Dikes Moore (1963 Moore ( , 1981 fi rst recognized the Golden Bear dike and mapped it for ~15 km, from its western termination in the northern Mount Whitney quadrangle to where it disappears under Owens Valley near Independence (Fig. 6 ). The dike actually comprises from one to three branching granitic dikes that range from 5 to 30 m thick, and locally have thick (50 cm) cataclastic margins. The Coso dike swarm includes two groups of steeply dipping E-striking dikes that are separated by ~6 km across strike (Duffi eld et al., 1980; Whitmarsh, 1998) Although the Coso and Golden Bear dikes range up to 30 m thick, neither continues on strike across Owens Valley (Fig. 6 ). The Inyo Range east of the Golden Bear dike (Ross, 1965) exposes latest Precambrian through early Paleozoic sedimentary rocks that are intruded by Jurassic and Cretaceous plutons and sparse dikes of the Independence swarm, but none of the dikes resembles the Golden Bear dike in either petrology or dimensions. Similarly, on strike westward from the Coso dikes in the Olancha Peak area of the Sierra Nevada, various Mesozoic plutons are present, but no thick granite porphyry dikes (Diggles, 1987; Diggles et al., 1987) .
Early Cretaceous Plutons
The Golden Bear dike intrudes Cretaceous plutons and minor Mesozoic metavolcanic and metasedimentary rocks (Moore, 1963 (Moore, , 1981 Chen and Moore, 1982; Kylander-Clark et al., 2005; Saleeby et al., 1990) . Except near its western terminus, the dike Jurassic Independence dike swarm (Bartley et al., 2008) Jurassic plutons (Ross, 1962) Devonian channel (Stevens et al., 1997) Sr i = 0.706 line (Kistler, 1993) Offset ( and Santa Rita Flat (SRF) plutons suggested little lateral offset (Ross, 1962) , plutons of similar age and lithology are widespread on both sides of Owens Valley. Offset markers include (1) the densest part of the Independence dike swarm (Bartley et al., 2008) ; (2) the Sr 0.706 isopleth (Kistler, 1993) ; (3) mainly intrudes coarse leucogranite of the 102 Ma Bullfrog and Independence plutons and granodiorite of the 103 Ma Dragon pluton (Saleeby et al., 1990; Kylander-Clark et al., 2005) . Granitic plutons dated ca. 102 Ma are common farther west in the Sierra Nevada (e.g., intrusive suite of Yosemite Valley; Ratajeski et al., 2001 ), but the Bullfrog, Independence, and Dragon are the only plutons of this age known at the eastern range front of the Sierra Nevada. The Coso dikes intrude Sierran-like Mesozoic plutons and minor Mesozoic metasedimentary and metavolcanic rocks. Plutonic wall rocks include the leucogranite of Cactus Flat, which yielded a U-Pb zircon date of 101.6 ± 0.8 Ma , making it the only pluton east of Owens Valley to yield an Early Cretaceous age. The leucogranite of Cactus Flat is commingled with undated granodiorite that resembles the Dragon pluton.
Independence Dike Swarm
Dikes of the Independence swarm vary widely in abundance, and some parts of the swarm are compositionally diverse, whereas others are uniformly mafi c (e.g., Carl and Glazner, 2002; Fig. 7) . The internal anatomy of the swarm thus was mapped in search of previously unrecognized tectonic offsets. Dike thicknesses and orientations were recorded along 84 cross-strike traverses in areas of good to excellent exposure on both sides of Owens Valley (Bartley et al., 2008; Fig. 7) .
Dilation by intrusion of the Independence dike swarm ranges from 0 to 44%, but dilation values >5% are restricted to distinct, relatively narrow zones in the eastern Sierra Nevada near Independence, the northern Alabama Hills, and the southern Coso and Argus ranges and Spangler Hills (Fig. 7) . In high-dilation areas, the swarm is also lithologically diverse, including mafi c, intermediate, and felsic dikes. Elsewhere in the swarm where dilation is less (mainly <1%), only mafi c dikes generally are present. The most southerly high dilation values on the western side of Owens Valley were found in the northern Alabama Hills. The nearest high dilation area on the eastern side of the valley is ~75 km to the southeast in the southwestern Coso Range. This offset is uncertain by at least ±10 km because the dike swarm is diffuse and intersects the valley at a low angle (~30°).
Devonian Submarine Channel and Other Geologic Features
On McGee Mountain in the Mount Morrison pendant, a distinctive facies of the Middle Devonian Mount Morrison Sandstone consists of quartz sandstone and coarse conglomerate containing clasts of chert and limestone with fragments of tabulate coral (Greene and Stevens, 2002; Stevens and Greene, 1999) . The unit fi lls a channel cut deeply into older rocks and is interpreted as the feeder channel of a major submarine fan complex. A lithologically identical conglomerate, also of Middle Devonian age and containing fragments of tabulate corals, is exposed east of Tinemaha Reservoir at the base of the northern Inyo Mountains, 65 km to the southeast of McGee Mountain. The lithologic and structural similarities between these areas led Stevens et al. (1998) to propose that rocks in these two areas are remnants of a major Devonian submarine channel that has been dextrally offset ~65 km on a cryptic fault, termed the Tinemaha fault, in northern Owens Valley (Fig. 7) . This interpretation is also compatible with ~65 km of dextral offset of the initial 87 Sr/ 86 Sr = 0.706 isotopic isopleth proposed by Kistler (1993) in the Mono Lake area.
The Tinemaha fault was originally considered to be Middle Triassic in age, based on the supposition that the fault was intruded by the Late Triassic Wheeler Crest Granodiorite (Stevens et al., 1998) . However, given the present evidence for 65 km of well-dated Late Cretaceous or younger dextral displacement in the southern Owens Valley, it now seems clear that the fault in the northern Owens Valley must also be Cretaceous or younger in age (Stevens et al., 2003) .
Discussion

Net Offset
Each of the above correlations requires right-lateral displacement of a similar magnitude. The displacement required by the Golden Bear-Coso dike correlation is insensitive to the precise location of the fault(s) that accommodated it because the dikes dip steeply and strike at high angles to the valley. Restoring the easternmost Golden Bear outcrops to a position adjacent to the westernmost Coso dike outcrops yields ~65 km of right slip (Fig. 6 ). Aligning the Golden Bear dike with the northernmost mapped exposures of the Coso dikes reduces the estimate to ~60 km. Correlations of the 102-103 Ma plutons, the maximum dilation axis of the Independence dike swarm, and the Devonian channel deposits are also compatible with 60-65 km of right-lateral offset.
Timing of Offset
Correlation of the Golden Bear and Coso dikes requires that the 65 km offset accumulated since ca. 83 Ma. At current estimates of long-term slip rate across Owens Valley of 2-3 mm/yr, 65 km of offset could accumulate in ~20-30 m.y. This is compatible with the late Cenozoic right-oblique subduction setting of California (Atwater and Stock, 1998) , and slip could have commenced when the San Andreas system started to form in the late Oligocene. Indeed, there is evidence that dextral slip began in the Mojave Desert in the early Miocene .
However, most stratigraphic, structural, and thermochronologic data suggest that the modern dextral slip regime commenced in the Pliocene (Lee et al., 2001b; Stockli et al., 2003) . To accumulate 65 km of offset since then would require a slip rate of >20 mm/yr, which is more than half of the total Pacifi c-North America plate motion and almost certainly is incompatible with regional constraints. Among the problems with this hypothesis is that the Garlock fault shows little evidence for disruption by N-to NW-striking faults. Many dextral faults in the Mojave Desert do, indeed, die out before reaching the Garlock fault, and it is not clear how ongoing dextral slip south of the Garlock fault is transmitted to the north (e.g., Oskin and Iriondo, 2004) .
Thus, it seems most likely that a signifi cant fraction of the total 65 km of slip-perhaps as much as 50-60 km-is significantly older, possibly Late Cretaceous (Bartley et al., 2008) . Laramide-age right slip along the eastern margin of the Sierra Nevada may have been linked to a south-directed extensional detachment system in the southern Sierra Nevada (Wood and Saleeby, 1997 ) that unroofed high-pressure rocks in latest Cretaceous-early Tertiary time. Dextral shear of this age would predate formation of the Garlock fault (Monastero et al., 1997) and thus eliminate that confl ict.
Locus of Slip
The fault zone responsible for offset of the various markers lies between the Sierra Nevada and White-Inyo-Coso Ranges (Fig. 6 ). Although mostly buried by alluvium, it can be located within 100 m at Little Lake on the west side of the Coso Range, where Jurassic plutonic rocks with abundant Independence dikes are juxtaposed against a distinctive Jurassic orthogneiss that lacks such dikes (Stop 5; Figs. 1 and 8; Bartley et al., 2008) . Cretaceous and Jurassic intrusive rocks on both sides of the fault in this area are cut by transpressive ductile-brittle shear zones with a persistent dextral component of shear. These shear zones, and similar Late Cretaceous dextral transpressive shear zones exposed in the Inyo (Vines, 1999) and White (Sullivan and Law, 2007) Mountains, probably belong to a family of structures that accommodated 50+ km of dextral offset in Late Cretaceousearly Tertiary time. Approaching the main fault contact at Little Lake, cataclastic microstructures increasingly overprint the ductile microstructures in the shear zones. This spatial pattern may refl ect the reactivation of a Late Cretaceous shear system by the modern right-slip fault zone.
Summary
Several independent geologic markers indicate 65 ± 5 km of net dextral shear across Owens Valley since 83 Ma. On the order of 10 km of this displacement accumulated in the modern dextral transtension regime, and the remainder probably accumulated in Late Cretaceous-early Tertiary time. The modern tectonic regime therefore appears to refl ect reactivation of a long-lived throughgoing crustal boundary.
QUATERNARY TECTONISM OF THE NORTHWESTERN COSO RANGE
The Coso Range is a tectonically and volcanically active region along the southeastern margin of the Sierra Nevada ("Sierran") microplate, which moves ~13 mm/yr northwest with respect to stable North America Gordon, 1991, 2001; Dixon et al., 1995 Dixon et al., , 2000 . Northwest motion of the Sierran microplate is accommodated by distributed strike-slip and normal faulting in a 100-km-wide zone of active deformation bordering the eastern Sierra Nevada ( Fig. 1 ; Dokka and Travis, 1990; Unruh et al., 2003) .
Active crustal extension in the Coso Range primarily is driven by a releasing transfer of dextral motion from the Airport Lake fault to the Owens Valley fault, two major right-lateral strike-slip faults that form the eastern tectonic boundaries of the Sierran microplate south and north, respectively, of the Coso Range ( Fig. 1 ; Monastero et al., 2005; Unruh et al., 2002) . In detail, the Airport Lake fault zone splits into several branches at the southern end of the step-over region (Fig. 9 ). An eastern branch, consisting of N-to NNE-striking normal faults in northeastern Indian Wells Valley, extends northward across eastern Coso Basin and into the southern end of Wild Horse Mesa, where it continues northward and forms a dramatic series of scarps in Pliocene volcanic fl ows. The faults with the largest scarps in Wild Horse Mesa exhibit a distinct left-stepping pattern (Fig. 9) . A central branch, consisting of a zone of short NNE-striking, left-stepping surface traces, crosses the White Hills anticline south of Airport Lake playa and becomes the Coso Wash fault, which is characterized by a single trace along the southeastern fl ank of the Coso Range. A western branch of the Airport Lake fault zone crosses the southern Coso Range and joins the Little Lake fault zone in southern Rose Valley (Fig. 9) .
Slip Transfer across the Central Coso Range
Based on the geomorphic expression of faults in late Quaternary deposits, the bulk of Holocene deformation in the Coso Range appears to be associated with the central branch of the Airport Lake fault zone (Fig. 9) . The most signifi cant structure in this branch is the Coso Wash fault, which consists of a series of NNE-striking normal faults that dip both to the SSE and the WNW. This fault zone extends from the White Hills anticline northward to Haiwee Spring in northern Coso Wash (Fig. 9) and is interpreted to be the principal locus for transferring active dextral shear through the Coso Range (Unruh et al., 2008) .
The Coso Wash fault zone can be traced ~9 km north of Airport Lake playa as a single SE-dipping trace that has excellent geomorphic expression as scarps in Holocene alluvial fan deposits. The fault along this reach consists of a series of alternating short NNE-and NW-striking reaches. At the southern margin of the Coso geothermal fi eld (GF; Fig. 9 ), the fault splays out into a series of WNW-dipping traces that step northwest (left) into the bedrock of the Coso Range and dip toward the main geothermal production zones. The WNW-dipping fault segments are geomorphically well-expressed by NW-facing scarps in bedrock and alluvium, and the faults locally pond alluvium in their downdropped hanging wall blocks upstream of the scarps.
At the latitude of the geothermal fi eld, the E-dipping Coso Wash fault and the WNW-dipping normal faults collectively bound a prominent NNE-trending basement ridge that separates Coso Wash from the main production area of the Coso geothermal fi eld (Walker and Whitmarsh, 1998) . The basement ridge is at least 10 km long (Fig. 9) , locally exhibits up to 550 m of relief, 0 10 km and is best expressed between the geothermal fi eld and Haiwee Spring. The basement ridge is essentially a horst block and may be analogous to the "central ridge" that Dooley et al. (2004) observed in scaled analog models of transtensional releasing stepovers that include a ductile substratum beneath a simulated brittle upper crust (quartz sand). North of the geothermal fi eld, the Coso Wash fault dips consistently ESE and can be traced as a series of E-facing scarps in Holocene alluvium northward to the area around Haiwee Springs, where it loses its surface expression (Fig. 9) . North of Haiwee Springs, Coso Wash terminates as a Quaternary basin and narrows to a steep canyon cut in Cretaceous bedrock and Pliocene basalts of Wild House Mesa. Analysis of stereo aerial photography of this segment of the fault indicates E-facing bedrock scarps and possibly fault-related E-facing bedrock slopes. These features probably represent Quaternary faulting, as recognized earlier by Walker and Whitmarsh (1998) . The step-faulted terrain associated with the eastern branch of the Airport Lake fault and the Coso Wash fault appear to merge at this location to form a rhombic array of faults at the southern end of Upper Centennial Flat (Fig. 9) , north of the termination of the basement ridge.
At the latitude of Haiwee Spring, the locus of active deformation steps west from Coso Wash to a series of NNE-striking, leftstepping normal faults that bound the western margins of Quaternary basins in the northwestern Coso Range such as McCloud Flat and Lower Cactus Flat (Fig. 10) . The geomorphic expression and relative activity of these structures appear to increase northward as slip dies out on the Coso Wash fault and basement ridge to the east. The left step in the locus of deformation across the Coso Range is associated with an elongated, NW-trending zone of low P-wave and S-wave velocities in the depth range of ~5-12 km (Hauksson and Unruh, 2007; Reasenberg et al., 1980; Wilson et al., 2003) . The base of seismicity is distinctly elevated above the low velocity zone , suggesting that hot fl uids (brines and/or magma) are present below ~5 km (Hauksson and Unruh, 2007; Wilson et al., 2003) .
At least two faults that display evidence for late Quaternary dextral offset can be traced north from Lower Cactus Flat into the northwestern Coso Range piedmont (faults A and B; Figs. 9 and 10). The easternmost of the two faults (A) transfers slip in a restraining stepover across NW-plunging, basementinvolved anticlines to the Red Ridge fault zone, a zone of short NNE-striking, en echelon normal faults that extends from Red Ridge northward to the margin of Owens Lake basin (Fig. 10) . The westernmost of the two faults (B) is part of a zone of short, discontinuous NW-striking fault segments that trend toward the southern end of the Owens Valley fault (Fig. 10) . Slemmons et al. (2008) documented dextral offset of Holocene beach ridges of Owens Lake along this fault trend, which they attribute to surface rupture during the 1872 Owens Valley earthquake. A Pleistocene pediment that fringes the northern Coso Range is deformed by WNW-trending folds in the triangular region between faults A and B (Fig. 10) . The coeval NNE-SSW shortening and WNW-ESE extension of the pediment surface in the triangular region between fault trends A and B is consistent with northwest dextral shear passing through the northwestern Coso Range.
The Red Ridge fault zone, which is mapped in detail by Slemmons et al. (2008) , may transfer slip to the Central Valley fault zone, a NW-striking fault in Owens Lake basin interpreted by Neponset Geophysical Corporation and Aquila Geosciences (1997) from analysis of seismic refl ection data (Fig. 10) . The "Central block" bounded by this structure and the Owens Valley fault to the west has subsided episodically during the Quaternary (Neponset Geophysical Corporation and Aquila Geosciences, 1997), possibly during large earthquakes. The NW-trending folds in the pediment surface may be the surface expression of reverse slip on blind, WNW-striking splays of the southern Owens Valley fault, also mapped by Neponset Geophysical Corporation and Aquila Geosciences (1997) from interpretation of refl ection data (Fig. 10) .
Southern Owens Valley Fault, Northwest Coso Range
The fi eld trip stop along CA-190 (Stop 7; Fig. 1 ) affords an excellent opportunity to look at, stand on, and walk around evidence of surface rupture during the 1872 Owens Valley earthquake. Figure 11 is a slightly oblique aerial view of the fi eld trip stop, looking toward the southeast. The highway parallels an abandoned shoreline of Owens Lake, and a series of gravelly late Holocene beach ridges are present on the north side of the highway. The photo shows a series of NW-trending lineaments south of the highway that project to the broad bend in the road. These features are the surface expression of the zone of discontinuous fault segments that can be traced northwest of fault A in Figure 10 , and they trend toward the southern end of the Owens Valley fault zone mapped by Neponset Geophysical Corporation and Aquila Geosciences (1997) in southeastern Owens Lake basin (Fig. 10) . D.B. Slemmons and his colleagues discovered that the Holocene beach ridges north of the highway are offset in a right-lateral sense along the trend of the lineaments. Slemmons et al. (2008) argue that the offset beach ridges represent surface rupture during the 1872 earthquake on the Owens Valley fault zone. If this is correct, then the 1872 rupture extended at least to the southern end of Owens Lake basin and probably south into the Coso Range piedmont (Slemmons et al., 2008) .
This stop is a good location to observe other tectonic-geomorphic evidence that northwest dextral shear extends from the southern end of the Owens Valley fault into the northwest Coso Range. There is a large hill ~3 km south of CA-190, on trend with the lineaments in Figure 11 , where the associated fault segment terminates or makes a poorly expressed left step (Fig. 10) . The hill is cut by a series of left-stepping, W-facing scarps (Fig. 12) . About 3-4 km south of CA-190, there is a prominent N-facing wave-cut scarp at ~1160 m (3800 ft) elevation bordering the northern Coso Range piedmont. The shoreline of Owens Lake last reached the elevation of this escarpment ca. 24 ka during a Tioga-age pluvial highstand (Bacon et al., 2006) . The shoreline
1872 surface 872 surface rupture rupture (Slemmons (Slemmons et al., 2008 (Slemmons et al., ) et al., 2008 1872 surface rupture (Slemmons et al., 2008) , 1997) . Fault B to the west is part of a discontinuous NW-striking zone that can be traced to the southern end of the Owens Valley fault and that experienced surface rupture during the 1872 Owens Valley earthquake (Slemmons et al., 2008) . The pediment surface is folded into a series of anticlines about WNW-trending axes west of the Red Ridge fault zone. Figure 11 . The fault splays are expressed as W-facing scarps (shadowed). Distance between the arrows is ~600 m. scarp is visibly warped by a series of low-amplitude folds west of the Red Ridge fault zone (Fig. 10) ; the fold deformation is best observed from CA-190 in low-angle, early morning light when the escarpment is shadowed (Fig. 13) . Although not readily visible from the fi eld trip stop, the Red Ridge fault zone is expressed as a series of horst and graben in a middle (?) to late Pleistocene pediment surface south of the 1160 m shoreline escarpment (Figs. 13 and 14) .
Summary
Northwest-directed dextral shear along the southeastern margin of the Sierran microplate is transferred from the Airport Lake fault to the Owens Valley fault across a discontinuous series of active structures in the central and northwestern Coso Range. Holocene surface faults in this region locally are separated by en echelon steps, and by short restraining stepovers characterized by uplift and folding. Observations by Slemmons et al. (2008) indicate that surface rupture during the 1872 earthquake on the Owens Valley fault extended at least as far south as the late Holocene shoreline of Owens Lake, and possibly southward into the Coso Range piedmont.
PLEISTOCENE DEFORMATION IN NORTHERN OWENS VALLEY
Several of the broad, outstanding issues concerning the pace and tempo of active deformation throughout the eastern California shear zone-Walker Lane region exist in microcosm within the Owens Valley (Fig. 1) . Chief among these is how one interprets differences between modern strain fi elds, typically measured with space geodesy (e.g., Dixon et al., 2000) , and fault slip rates measured over millennia (e.g., Beanland and Clark, 1994) . It has long been recognized that geodetic strain rates across the Owens Valley fault are rapid Lisowski, 1980, 1995) , and simple models of elastic strain accumulation require ~6-7 mm/yr of shear at depth to explain these observations (Gan et al., 2000) . These results are in confl ict with paleoseismic estimates of late Pleistocene to Holocene slip along the Owens Valley fault zone of 1-3 mm/yr (Bacon and Pezzopane, 2007; Beanland and Clark, 1994; Bierman et al., 1995; Lee et al., 2001b; Lubetkin and Clark, 1988) . Recent studies explain this discrepancy as a consequence of transient post-seismic velocities induced by the 1872 Owens Valley earthquake (Dixon et al., 2003; Malservisi et al., 2001 ). However, long-term slip rates derived from paleoseismic data are subject to numerous epistemic uncertainties regarding the ratio of vertical to horizontal slip, uniform or non-uniform recurrence intervals, and the characteristic size of rupture events. Thus, such data are most useful when combined with geologic estimates of slip rate that average displacement over multiple seismic cycles.
Active deformation across Owens Valley has also engendered considerable debate regarding longer-timescale variability of fault slip. At issue here is the question of whether coeval normal faulting along the Sierra Nevada range front and strikeslip faulting along the Owens Valley fault refl ect changes in the regional stress fi eld (Bellier and Zoback, 1995) or simply slip partitioning along a transtensional fault system (Wesnousky and Jones, 1994) . Although sites where multiple, well-dated markers Figure 13 . Oblique aerial view to the east of the northern Coso Range piedmont and southern Owens Valley. The darker, more eroded surface to the south (right) is a pediment surface cut across tilted strata of the Pliocene Coso Formation. The pediment terminates to the north against a wave-cut escarpment associated with one or more Pleistocene high stands of pluvial Owens Lake. The pediment and wave-cut scarp are noticeably folded about WNW-trending axes into a series of broad, low amplitude anticlines (distance between anticline axes is ~3.2 km). As demonstrated by the varying width of the shadowed escarpment, the scarp is higher across the axes of the anticlines and lower through the syncline. See Figure 10 for location of folds relative to faults cutting the pediment surface.
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are displaced across a single fault are rare, several exist within the northern part of Owens Valley. Along the Fish Springs fault, a normal fault that splays from the Owens Valley fault south of the town of Big Pine (Fig. 15 ), throw appears to have been steady at rates of 0.2-0.3 mm/yr over the past ~300 k.y. (Martel et al., 1987; Zehfuss et al., 2001 ). Likewise, normal faulting along the Sierra Nevada frontal fault appears to have been steady (throw rates of 0.2-0.3 mm/yr) when averaged over the past ~120 k.y. but may have accelerated in the late Holocene (Le et al., 2007) . On longer timescales, Gillespie (1991) argued that extension along the Sierra Nevada range front underwent a period of rapid slip in the middle Pleistocene, near the time of eruption of the Bishop Tuff (ca. 760 ka; Sarna-Wojcicki et al., 2000) . Similarly, coordinated variations in oblique slip rate during the middle and late Pleistocene are argued to have occurred on the White Mountains fault zone and Fish Lake Valley faults (Kirby et al., 2006; Reheis and Sawyer, 1997) . Resolution of the timescales over which such variations may have occurred, and the processes driving such behavior, requires increasingly precise chronology of fault slip over multiple temporal intervals.
The fi nal insight that active deformation within Owens Valley can provide with regard to the eastern California shear zone as a whole is the question of the role played by distributed arrays of faults in accommodating active deformation. Although active extension across the southern Owens Valley appears to be concentrated on the Sierra Nevada frontal fault (Le et al., 2007) , numerous subsidiary faults occur throughout the northern valley (Fig. 15) , suggesting the possibility that extension rates vary from south to north.
Recent work in northern Owens Valley addresses aspects of each of these three issues. The key to surmounting uncertainties in paleoseismic estimates of slip rate, and to assessing spatial and temporal variations in fault slip, is to quantify fault slip over millennial timescales, long enough to average multiple seismic cycles yet short enough to capture potential variations in fault slip. Direct dating of landscape features, enabled by cosmogenic isotopic methods (Gosse and Phillips, 2001) , affords this opportunity (e.g., Frankel et al., 2007a; Kirby et al., 2006; Oskin et al., 2007) . In the following, new geologic estimates of fault slip along the primary strand of the northern Owens Valley fault are presented using displaced lava fl ows along the eastern fl ank of the Crater Mountain volcanic complex (Kirby et al., 2008) . Preliminary results of ongoing efforts to develop a budget of late Quaternary extension across the valley are also presented, along with a brief discussion of the regional implications of this new work.
Slip Rate along the Northern Owens Valley Fault
For most of its length, the trace of the 1872 rupture along the Owens Valley fault runs near or within the fl oodplain of the Owens River, and long-term markers of fault displacement are rare (Beanland and Clark, 1994) . South of the town of Big Pine (Stop 10; Figs. 1 and 15) , the fault displaces basaltic lava fl ows along the eastern fl ank of Crater Mountain (Beanland and Clark, 1994) , one of the largest vent complexes in the Big Pine volcanic fi eld. Although the similarity in composition between fl ows makes correlation of individual fl ows across the fault diffi cult, an apparent right-lateral separation of the contact between the fl ow complex and alluvial fans is present at the northeastern corner of the cone (Fig. 16) . The fault geometry defi nes a small releasing step at this site, and the pull-apart is fi lled with fi ne-grained, young alluvium. Potential uncertainties regarding the degree of burial and Figure 14 . Oblique aerial view to the southeast of the northern Coso Range pediment surface broken up in a series of horst and graben by the Red Ridge fault zone (see Fig. 10 for location) . The distance along the labeled shoreline scarp is ~1 km. the subsurface geometry of the fl ow margin required assessment before this site could provide a robust constraint on fault slip. To test the hypothesis that dextral separation of the fl ow margin observed at the surface (235 ± 15 m) is a reliable estimate of lateral slip along this segment of the Owens Valley fault, a ground-penetrating radar survey of the site was conducted (Kirby et al., 2008) . The results of this survey confi rm the presence of a shallowly buried fl ow margin to the west of the fault (Fig. 16 ), but do not reveal any basalt beneath the pull-apart itself. Rather, the fl ow margin appears to end abruptly against alluvium. Thus, Kirby et al. (2008) concluded that the horizontal component of fault slip at this site is ~235 m.
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The age of the fl ow surface was estimated using the concentrations of cosmogenic 36 Cl in samples taken from well-preserved remnants of the fl ow surface. Samples were selected to minimize the chance of burial by eolian or alluvial material and were collected from outcrops that exhibited glassy surfaces representative of minimal surface lowering during weathering. Three samples were collected locally, on the west side of the fault, and three additional samples were collected from fl ows on the southwestern side of the vent complex, near the Red Mountain fault (Fig. 15) . Because perfect surface preservation in this environment is extremely unlikely, exposure ages were modeled for a range of possible lowering rates (Kirby et al., 2008) , and the resultant age ranges are taken as a best estimate of the age of the fl ow. Ages from both sample localities overlap within uncertainty, and indicate that the fl ow is 70 ± 14 ka (Kirby et al., 2008) .
When combined with the displacement of the fl ow margin, these results imply that slip rates on the Owens Valley fault during this time period have been 3.6 ± 1.0 mm/yr. Notably, this range is consistent with, but at the high end of, previous estimates (Beanland and Clark, 1994; Lee et al., 2001b) , and it is 2-3 times greater than Holocene estimates of Bacon and Pezzopane (2007) . Whether these differences refl ect spatial differences in slip between the northern and southern segments of the fault zone, or whether they represent a period of rapid slip prior to ca. 20-25 ka remains unknown (Kirby et al., 2008) .
Distributed Extension across Northern Owens Valley
Ongoing work is focused on developing a budget for late Pleistocene extension across the northern part of Owens Valley. Here, a limited portion of this effort is discussed, focused on new estimates of the slip rate along the Red Mountain and Birch Mountain faults (Fig. 15) .
The Red Mountain fault is a 10-km-long normal fault that extends south from the southwestern fl ank of Crater Mountain, subparallel to and ~2 km west of the Fish Springs fault (Stop 9; Figs. 1 and 15) . It is marked along much of its trace by W-facing scarps that pond young alluvium in the hanging wall block. Despite its length and proximity to the Fish Springs fault, the Red Mountain structure has received considerably less attention, and the role of this fault in the extension budget across northern Owens Valley is essentially unknown.
At the northern end of the fault, lava fl ows from Crater Mountain are displaced in a W-side-down sense and have been subsequently buried by young alluvial fans emanating from Birch Creek. The fl ow itself buries an older alluvial fan surface with a moderately well-developed soil profi le; surface characteristics of this fan suggest that it is likely equivalent to surfaces dated 2 km to the east at ca. 135 ka (Zehfuss et al., 2001) , whereas the younger fan appears continuous with surfaces dated at 13-15 ka (Zehfuss et al., 2001 ). Chlorine-36 ages from the footwall exposures of the fl ow cluster at 70 ± 14 ka (Kirby et al., 2008) and are consistent with the regional chronology of Zehfuss et al. (2001) . The fl ow surface has been offset vertically by 14.5 ± 1.5 m, and two small scarps are present in the youngest late Pleistocene surface that exhibit a combined throw of 2.5 ± 0.2 m. Both of these displacements are consistent with long-term vertical displacement rates along the Red Mountain fault of 0.2-0.3 mm/yr (Greene et al., 2007) . Thus, this structure appears to play as great a role in the regional deformation fi eld, as does the Fish Springs fault.
Signifi cant slip is also present along the Sierra Nevada frontal fault at this latitude, as indicated by prominent scarps high on the range front (Fig. 17) . The fault displaces sharp, triangular moraine crests in both the Tinemaha and Birch Creek drainages; moraines appear fresh, with minimal soil development and little to no weathering of boulder surfaces. Vertical displacements in both drainages are similar, ranging from 7 to 9 m (Fig. 17) . Exposure ages derived from cosmogenic 36 Cl concentrations in fi ve samples taken from boulders atop the northern lateral moraine in Tinemaha Creek cluster between 14-15 ka (Greene et al., 2007) . Thus, vertical displacement rates on this segment of the Sierra Nevada frontal fault system appear to be relatively high, at 0.5-0.7 mm/yr. These rates may refl ect relatively recent breaching of the relay between the northern tip of the southern Sierra Nevada frontal fault system and the southern tip of the Round Valley fault.
Regional Implications
From a regional perspective, these results contribute to an emerging picture of spatial variations in slip rate along the eastern California shear zone. Recent estimates of late Pleistocene slip rates along the Death Valley-Fish Lake Valley fault system suggest that slip rates decrease northward, from 4 to 5 mm/yr along the central section (Frankel et al., 2007a ) to 2-3 mm/yr along the northern sections (Frankel et al., 2007b) . In a similar fashion, right-lateral slip rates in the Owens Valley appear to decrease northward, from 3 to 4 mm/yr along the Owens Valley fault to ~0.5 mm/yr along the White Mountain fault zone (Kirby et al., 2006) . These apparently systematic patterns suggest that simple approaches to reconciling geologic slip and geodetic strain by summing geologic slip along a two-dimensional transect are likely to be misleading. Although strain accumulation and release may reconcile across a given transect (e.g., Frankel et al., 2007a) , the spatial distribution of strain in this young, evolving fault system appears be quite variable along strike.
Summary
New estimates of late Quaternary deformation rates in the vicinity of Big Pine, California suggest that (1) slip rates along the northern Owens Valley fault zone over the past 55-85 k.y. are 3.6 ± 1.0 mm/yr, signifi cantly higher than recent estimates along the southern portion of the fault zone, but similar to geodetic data, and (2) that extension rates associated with distributed fault arrays in the northern Owens Valley also appear to be higher than recent estimates in the southern Owens Valley. These results highlight spatial variations in late Quaternary slip rates throughout the eastern California shear zone and suggest caution in comparison of geologic slip rates with geodetic data along 2-D transects.
SPATIAL VARIATIONS IN LATE PLEISTOCENE SLIP RATE ALONG THE DEATH VALLEY-FISH LAKE VALLEY FAULT ZONE
The Death Valley-Fish Lake Valley fault zone is the largest and most continuous fault system in the eastern California shear zone, extending some 300 km northward from its intersection with the Garlock fault (Fig. 1) . Both geologic and geodetic observations suggest that the Death Valley-Fish Lake Valley fault zone accommodates the majority of slip in the northern eastern California shear zone. Specifi cally, several space-based geodetic surveys show that, over the past ~15 yr, the Death Valley-Fish Lake Valley fault zone has been taking up 3-8 mm/yr of the measured 9.3 ± 0.2 mm/yr of Pacifi c-North America plate motion in the northern eastern California shear zone and Walker Lane (Bennett et al., 1997 (Bennett et al., , 2003 Dixon et al., 1995 Dixon et al., , 2000 Dixon et al., , 2003 Humphreys and Weldon, 1994; McClusky et al., 2001; Savage et al., 1990; Wernicke et al., 2004) . Along the northern part of the Death Valley-Fish Lake Valley fault zone in Fish Lake Valley, modeling of geodetic data shows the fault system is storing strain at 4-10 mm/yr and that the White Mountains fault zone, the other major strike-slip structure at this latitude, stores strain at 1-5 mm/yr (Dixon et al., 1995 (Dixon et al., , 2000 . The geodetic data, therefore, suggest that at latitude ~37.5°N, essentially all plate boundary strain in the eastern California shear zone is accommodated on these two structures.
Although numerous geodetic data are available from the region, only a few fi eld-based studies have attempted to measure intermediate-and long-term (1,000-1,000,000 yr) geologic slip rates on the Death Valley-Fish Lake Valley fault zone (Brogan et al., 1991; Frankel, 2007; Frankel et al., 2007a Frankel et al., , 2007b Klinger, 2001; Reheis and Sawyer, 1997) . A lack of geochronologic constraints on the age of offset alluvial landforms has thus made it diffi cult to compare rates of deformation over multiple time scales along this part of the plate boundary. Previous estimates of the late Pleistocene slip rate for the Death Valley-Fish Lake Valley fault zone in Fish Lake Valley range from 1 to 9 mm/yr (Reheis and Dixon, 1996; Reheis and Sawyer, 1997) . However, recent work combining high-resolution ALSM digital topographic data with cosmogenic nuclide geochronology to investigate fault offsets and slip rates has helped refi ne the long-term slip rates in this region (Frankel, 2007; Frankel et al., 2007a Frankel et al., , 2007b . These new results reveal spatial variations in the slip rate along the Death Valley-Fish Lake Valley fault zone and have important implications for eastern California shear zone and Pacifi c-North America plate boundary kinematics.
Faulting in Fish Lake Valley
The Death Valley-Fish Lake Valley fault zone bounds the east side of the White Mountains in Fish Lake Valley (Fig. 1) . Cl ages from boulders on the Tinemaha Creek moraine indicate these deposits are 13-15 ka (Greene et al., 2007). This region makes up the northern 80 km of the Death Valley-Fish Lake Valley fault zone. Estimates of total dextral displacement along the northern Death Valley-Fish Lake Valley fault zone are thought to range from ~50 to 80 km since Cambrian to Middle Jurassic time (McKee, 1968; Stewart, 1967) . More recent right lateral-oblique fault activity in Fish Lake Valley is characterized by numerous deformed geomorphic features, including fault scarps, displaced alluvial fans, offset drainage channels, shutter-ridges, and sag ponds (e.g., Brogan et al., 1991 ). An ALSM survey was recently conducted along the Death Valley-Fish Lake Valley fault zone in northern Death Valley and Fish Lake Valley to precisely map displacement on late Pleistocene and Holocene fault-related landforms (please see Frankel, 2007, and Frankel et al., 2007b for details about ALSM data collection and processing parameters). Results from two of the survey locations, the offset Furnace Creek and Indian Creek alluvial fans in Fish Lake Valley, are discussed below.
Furnace Creek Offset
The Furnace Creek alluvial fan in central Fish Lake Valley is located along the Oasis section of the Death Valley-Fish Lake Valley fault zone (Stop 11, Fig. 1 ; Brogan et al., 1991; Reheis and Sawyer, 1997) . At this location, alluvial fans are offset along two parallel strands of the fault (Fig. 18) . Previous work established a number of possible late Pleistocene channel displacements at Furnace Creek, ranging from 111 to >550 m (Brogan et al., 1991; Reheis et al., 1995; Reheis and Sawyer, 1997) . ALSM data were used to determine more precise offset measurements. These high-resolution topographic data helped reveal subtle topographic features with hillshade, topographic, and slope aspect maps, topographic profi les, and thalweg positions to reconstruct a prominent drainage channel and the overall fan morphology (Fig. 18) . Based on these data, Frankel et al. (2007b) revised the late Pleistocene strike-parallel displacement for the Furnace Creek alluvial fan to 290 ± 20 m (Fig. 18) . Be model age from the offset Qfi o surface yields a slip rate of 3.1 ± 0.4 mm/yr (Frankel et al., 2007b) .
Indian Creek Offset
The Indian Creek alluvial fan is located at the north end of Fish Lake Valley, near the northern termination of the Death Valley-Fish Lake Valley fault zone (Stop 12, Fig. 1 ). The fan is part of the Chiatovich Creek section of the Death Valley-Fish Lake Valley fault zone (Brogan et al., 1991; Reheis and Sawyer, 1997) . Here, the fault zone splays into numerous normal faults, and the strike-slip component of deformation is localized along a single strand that displaces both late Pleistocene and Holocene alluvium (Fig. 19) . Reheis et al. (1993) and Reheis and Sawyer (1997) estimated 83-165 m of late Pleistocene rightlateral deformation at this location based on a single offset debris fl ow channel. Hillshade, slope aspect, and topographic maps and channel thalwegs derived from ALSM data were used to revise the late Pleistocene displacement at Indian Creek to 178 ± 20 m by retrodeforming at least four, and possibly six, offset channels incised through the alluvial fan ( Fig. 19 ; Frankel et al., 2007b) .
Alluvial Fan Ages
Ages of the offset alluvial fans in Fish Lake Valley were previously estimated on the basis of soil development and surface morphology (e.g., Reheis et al., 1993 Reheis et al., , 1995 Reheis and Sawyer, 1997) . Both the Furnace Creek and Indian Creek fans have similar soil and morphologic characteristics. The offset late Pleistocene fans have well-developed soils with a 5-10-cm-thick silty vesicular A horizon and an argillic B horizon with moderate clayfi lms and stage II to III carbonate development (Reheis and Sawyer, 1997) . The fan surfaces are characterized by a moderately to well-developed desert pavement, moderate to dark desert varnish coatings on clasts ranging in size from pebbles to boulders, and subdued to moderately incised channels (Fig. 20) .
Ages of the offset alluvial fans at Furnace Creek and Indian Creek were quantifi ed by cosmogenic nuclide 10 Be geochronology (Frankel et al., 2007b; Gosse and Phillips, 2001 ). Geochronology samples were collected from the top 2-5 cm of large Be model age for the Qfi y surface of 71 ± 8 ka yields a slip rate of 2.5 ± 0.4 mm/yr when combined with the late Pleistocene offset measurement (Frankel et al., 2007b) . boulders on the stable parts of offset fan surfaces mapped as Qfi by Reheis et al. (1993 Reheis et al. ( , 1995 Fig. 20) and analyzed by accelerator mass spectrometry at Lawrence Livermore National Laboratory (please see Frankel, 2007, and Frankel et al., 2007b , for geochronology methods and data).
Furnace Creek Fan Age
Eight cosmogenic
10
Be samples from the Qfi o surface at Furnace Creek ( Fig. 18 ; unit Qfi of Reheis et al., 1995) range in age from 79 ± 8 ka to 112 ± 8 ka (Frankel et al., 2007b) . The relatively tight cluster of dates suggests that the Qfi o surface has remained stable, with samples having been exposed to cosmic rays in their current confi guration, since deposition. The age of the fan is taken to be the mean and standard deviation of the eight samples, which yields a date of 94 ± 11 ka (Frankel et al., 2007b) . This age falls within the broad age range of 50-130 ka estimated for the Furnace Creek fan on the basis of soil development and surface morphology by Reheis and Sawyer (1997) .
Indian Creek Fan Age
Eight cosmogenic 10 Be samples were also collected from the Qfi y surface ( Fig. 19 ; unit Qfi of Reheis et al., 1993) at Indian Creek. These samples range in age from 59 ± 4 ka to 81 ± 6 ka (Frankel et al., 2007b) . The samples from Indian Creek are somewhat younger than those from Furnace Creek, yet they display a similarly tight cluster, which is also interpreted to indicate the stability of the Qfi y surface since deposition. The mean and standard deviation of the eight 10 Be dates yields an age of 71 ± 8 ka for the Qfi y surface at Indian Creek, which is in agreement with the previously estimated range of 50-130 ka (Frankel et al., 2007b; Reheis and Sawyer, 1997) .
Late Pleistocene Slip Rates in Fish Lake Valley
The cosmogenic 10 Be surface exposure dates from the Furnace Creek and Indian Creek fans are interpreted as maximum ages for the deposits because the channels used as piercing points must have formed at some undetermined time following fan deposition. The slip rates reported here should therefore be interpreted as minima, though it appears that most, if not all, of the rightlateral deformation accommodated on faults has been accounted for. The pervasive normal faulting observed on the eastern White Mountains piedmont is not considered in these rates.
Combining the displacement of 290 ± 20 m with the age of 94 ± 11 ka for the offset Qfi o surface at Furnace Creek yields a late Pleistocene slip rate for the Oasis section of the Death Valley-Fish Lake Valley fault zone of 3.1 ± 0.4 mm/yr. Previous slip rate estimates at this location ranged from 1.5 to 9.3 mm/yr (Reheis and Sawyer, 1997) . The 178 ± 20 m of displacement and 71 ± 8 ka age of the offset Qfi y surface at Indian Creek results in a slightly slower slip rate of 2.5 ± 0.4 mm/yr along the northern Chiatovich Creek section of the Death Valley-Fish Lake Valley fault zone. This rate falls within the bounds of the previous slip rate estimate of 1.1-3.3 mm/yr for this site (Reheis and Sawyer, 1997) .
Spatial Variations in Slip Rate and Northern Eastern California Shear Zone Strain Distribution
Previous studies in the northern eastern California shear zone suggest that the down-to-the-NW faults located between the major strike-slip faults of the region transfer slip from the Owens Valley and Panamint Valley-Hunter Mountain-Saline Valley faults to the northern part of the Death Valley-Fish Lake Valley fault zone ( Fig. 1 ; Dixon et al., 1995; Lee et al., 2001a; Reheis and Dixon, 1996) . However, recent results from three slip rate sites along the Death Valley-Fish Lake Valley fault zone show that this may not be the case (Frankel et al., 2007a (Frankel et al., , 2007b .
The late Pleistocene slip rate along the Death Valley-Fish Lake Valley fault zone in northern Death Valley is ~4.5 mm/yr (Frankel et al., 2007a) . The rates determined at the offset Furnace Creek and Indian Creek alluvial fans show that this rate decreases to ~2.5-3 mm/yr on the northern part of the Death Valley-Fish Lake Valley fault zone in Fish Lake Valley (Frankel et al., 2007b) . The late Pleistocene slip rate on the White Mountains fault zone is 0.3-0.4 mm/yr (Kirby et al., 2006) . Taken together, the late Pleistocene slip rates on the two major faults at latitude ~37.5°N are less than half the 9.3 ± 0.2 mm/yr region-wide rate of dextral shear determined from geodetic data (Bennett et al., 2003) . This result suggests either that deformation at the latitude of Fish Lake Valley is accommodated on structures other than the White Mountains fault zone and Death Valley-Fish Lake Valley fault zone or that a strain transient exists in the northern eastern California shear zone, similar to that proposed for the Mojave Desert (Oskin and Iriondo, 2004; Oskin et al., 2006 Oskin et al., , 2007 .
Strain rates appear to have remained constant in the northern eastern California shear zone over the past ~70 k.y. at the latitude of northern Death Valley (Frankel et al., 2007a) . If true, this implies that strain must be accommodated off the White Mountains and Death Valley-Fish Lake Valley fault zones, either to the west through Long Valley caldera (e.g., Kirby et al., 2006) or to the east from the Emigrant Peak fault zone through the Silver Peak-Lone Mountain extensional complex ( Fig. 1; Oldow et al., 1994) . If the faults to the east are indeed accommodating this additional strain, then the eastern California shear zone-Walker Lane transition must occur farther south, in a broader, more diffuse zone than previously recognized.
Summary
The late Pleistocene slip rate on the Death Valley-Fish Lake Valley fault zone decreases from ~4.5 mm/yr in northern Death Valley to ~3 mm/yr at Furnace Creek in central Fish Lake Valley and ~2.5 mm/yr at Indian Creek in northern Fish Lake Valley. Combining slip rates from the northern Death Valley-Fish Lake Valley and White Mountains fault zones, the two major faults at latitude ~37.5°N, indicates that the late Pleistocene rate of dextral shear is less than half that determined from geodetic data. This suggests either the existence of a strain transient in the northern eastern California shear zone or that deformation is distributed across other structures in the region.
SUMMARY
The eastern California shear zone accommodates the majority of Pacifi c-North America plate boundary motion east of the San Andreas fault. Therefore, deformation in this region is critical to our understanding of plate boundary kinematics, in addition to the behavior and evolution of fault systems. The studies presented in this guidebook are some of the most recent investigations undertaken in the region. We have highlighted new late Pleistocene slip rates in Owens Valley, Fish Lake Valley, and the Mojave Desert; discussed the timing and rates of offset along the Garlock fault; provided evidence for ~65 km of total cumulative right-lateral displacement across Owens Valley; and observed recent deformation associated with southern Owens Valley fault in the northwestern Coso Range. Together, the topics in this guidebook span the Cretaceous to late Holocene tectonic history of the eastern California shear zone.
As is often the case, much of this recent research, while generating a wealth of new data on slip rates, displacement histories, and fault kinematics, has brought about even more questions regarding spatial and temporal patterns of deformation in the eastern California shear zone. The eastern California shear zone provides a unique opportunity to study the kinematics of an evolving plate boundary. Continued work in the region, focused on defi ning rates of deformation across broad temporal (tens to millions of years) and spatial (tens to hundreds of kilometers) scales, will help fi ll gaps in our understanding of the role the eastern California shear zone plays in accommodating Pacifi c-North America plate boundary deformation.
FIELD GUIDE
This guide provides directions to fi eld trip stops relative to nearby towns, landmarks, and major roads. It does not provide distances between individual stops. All fi eld trip stop locations are keyed to the map in Figure 1 . In addition, Universal Transverse Mercator (UTM) coordinates of all stops are provided in NAD83 datum, zone 11. It is preferable to have a high-clearance vehicle (and possibly 4WD, depending on road conditions) for many of the stops. Directions. This stop is located at UTM 507142E, 3844558N in Stoddard Valley, east of highway 247, ~10 mi south of Barstow, California. To reach the site from Interstate 15, exit at CA-247 (Barstow Road). Turn south on CA-247 and drive ~10 mi. The fi eld site is located on Bureau of Land Management (BLM) route OM8, which is ~1 mi south of the Slash X Ranch Café, on the left. To locate the road, look for the end of barbed wire fence and a "Call Box" sign. Turn left on to BLM route OM8 immediately after the "Call Box" sign. There are several homesteads on OM8 on the way to the site, so please drive slowly to keep the dust down and watch for oncoming traffi c. Take OM8 for ~4.5 mi. You will pass over a cattle guard. If you drive through a creek bed, then up a steep rocky section of the road ~4 m high, you've probably just passed it. Park in the fl at area just before this rocky slope (Fig. 2) .
Description. Figure 2 shows a hillshade map of this stop generated from a portion of the Lenwood fault ALSM survey (also see Fig. 21 ). A feature of particular interest at this location is a 100-m-wide pull-apart basin with slip partitioned onto several strands. A channel that crosses this basin appears offset ~45 m. Northwest of the pull-apart basin, fault displacement formed a prominent SW-facing scarp cutting both Q2 a and Q2 b alluvial fans. Inset into the fans are younger channel-fi ll deposits also cut by low, SW-facing scarps in several localities. One of the larger channels crossing the fault is defl ected ~270 m. Most of this defl ection is due to construction of a Q2 b alluvial fan in front of the channel. Two secondary faults form scarps in the late Pleistocene fans east of the main fault trace.
Stop 2: Lenwood Fault (Northern Offset)
Directions. This stop is located at UTM 501464E, 3851618N. The stop is ~3.5 mi from the highway. From Stop 1, return to CA-247 and turn right to go north. Approximately 1.5 mi north of the Slash X Ranch Café, bear right onto Stoddard Valley Road. The intersection is located 0.2 mi past the power lines with towers shaped like a Π symbol. Take this road straight back with no turns until you are past the fi rst set of hills. Here, look for a dirt track cutting southeast, up the valley, to join the power-line road. Turn left onto the power-line road and ascend the hills. Note that it is also possible to drive the power-line road from CA-247; however, this route requires a very steep descent of the fi rst set of hills. Once on the power-line road, stay left at the next three forks. Park at the fourth and fi nal fork, located at the crest of the hills (Fig. 3) . The Lenwood fault runs along the hillside, ~80 m below. Walk down the road to reach the fault. It is not recommended to drive down the hill, as the descent is dangerously steep and may require 4WD to ascend.
Description. Stop 2 features an ~600 m length section where the Lenwood fault is spectacularly exposed as a set of uphill-facing scarps and shutter ridges (Figs. 3 and 22) . Southward, the fault crosses a wash and runs up the northeast side of a fault-line valley. The slip rate of the Lenwood fault was estimated here from defl ection of a pair of channels located immediately NW of the road, and from a shutter ridge forming in front of the larger channel descending the fault-line valley. These channels are inset into outcrops of conglomerate and Q2 b alluvial fan surfaces. Based on the 37 ± 7 ka age of Q2 b determined from the southern site, the slip rate here is 0.8 ± 0.2 mm/yr.
Stop 3: Garlock Fault in Summit Range
Directions. This stop is located at UTM 445564E, 3924572N. This location is between Barstow and Ridgecrest, near the small town of Johannesburg. From Barstow, head east on CA-58 until it intersects with US-395. Go north on US-395 for ~27 mi to Trona Road. Turn east on Trona Road and continue for ~7.75 mi to the dirt road leading off to the west; park there.
Description. This stop is to introduce the main units in the Summit Range. This will be the basis for correlation/comparison with rocks in the Red Rock Canyon area (Stop 4). We will walk through the stratigraphy here to examine the various units (Figs. 5 and 23) . First stops will be in the lower sedimentary sequence. We will then examine the lapilli tuff and its relation to underlying and overlying units. Lastly, we will look at the various tuffs overlying the lapilli tuff. Description. This stop will emphasize units of the Dove Spring Formation (Figs. 5 and 24) . We start at the parking area east of the road and proceed up section. Our fi rst stops are in the sedimentary and volcanic units below the lapilli tuff. First outcrops are the conglomerates in the Td 2 sequence. We will then work our way up-section into white tuffs below the thick lapilli tuff. Proceed then through the tuff looking at the possible cooling break in the middle of this massive unit. We will then look at (or hike westward to) the rocks above the tuff, including the basalt fl ows in the higher parts of the section. Directions. This stop is located at UTM 417369E, 3977338N, just west of Little Lake. Heading north on US-395, exit at the southernmost Little Lake Road exit. (NOTE: if approaching this stop from the north, this will be the second Little Lake Road exit; if approaching from the south, this will be the fi rst Little Lake Road exit.) Cross to the west side of the highway and drive 0.1 mi for a view stop.
Description. This is stop 13 of Glazner et al. (2005) . The Little Lake structural block (Fig. 8 ) exposed at this stop and in the mountains directly to the east is composed of Jurassic (165 Ma; Whitmarsh, 1998) plutonic rocks that vary in composition from diorite to leucogranite (mainly as a result of pervasive magma mingling) and lack a penetrative fabric. The heterogeneous plutonic complex is intruded by Jurassic (148 Ma; Whitmarsh, 1998) Independence dikes that vary in composition roughly as much as their wall rocks do. Because the dikes are more erosion-resistant than their wall rocks, most of the craggy outcrops on the hills to the east are dikes. A traverse of the skyline to the southeast of the stop yielded 9.1% dilation by dike intrusion ( Fig. 8 ; Bartley et al., 2008) .
Individual dikes in the Little Lake block range up to >10 m thick, yet any individual dike cannot be traced for more than 200 m because the dikes are transected by numerous NW-to N-striking ductile-brittle shear zones. The complete mismatch of dikes across each shear zone suggests that displacements across individual zones may be large. Shear zones commonly are exposed in numerous prospect pits that dot the area, and consist of greenschist-facies (white mica-chlorite-albite-epidote ± biotite) phyllonite. Most of the shear zones dip steeply to moderately westward (Fig. 9) , and lineation and shear-sense indicators (S-C composite foliations, asymmetric porphyroclasts, mica fi sh) indicate varying proportions of dextral and reverse displacement (Bartley et al., 2008) . Shear zones decrease in abundance eastward toward the main axis of the Coso Range. Timing relations, kinematics, and spatial distribution of the shear zones suggest that they may be representative of structures that accommodated signifi cant offset across Owens Valley.
Roadcuts along the microwave tower access road south of this stop expose rocks of the Sierran block, including granodiorite and granodiorite gneiss, variably intruded by 10-20-cm-thick mafi c dikes, all of which are thoroughly shattered. Like plutonic rocks of the Little Lake block, the granodiorite yielded a U-Pb age near 165 Ma (Bartley et al., 2008) , but geologic similarities between the Little Lake block and adjacent Sierra rocks end there. The granodiorite varies much less in composition than Little Lake plutonic rocks, contains a pervasive gneissic fabric that is locally migmatitic, and contains quartzite and calc-silicate rock xenoliths not seen in the Coso Range. Dikes in the granodiorite are uniformly mafi c, rarely as thick as 1 m, vary widely in orientation, and account for only 1%-2% dilation. In areas where geochronology and cross-cutting relations distinguish Jurassic Independence dikes from associated Cretaceous dikes (Coleman et al., 2000; Mahan et al., 2003) , all of these characteristics correspond to Cretaceous dikes.
Note that rocks of the Little Lake block are exposed on the west side of US-395 in low outcrops along the west side of Little Lake Road immediately north of here (on and around hill at UTM 417979E, 3977298N). There is an almost complete geologic mismatch between the Little Lake block and the adjacent Sierra Nevada, and it is inferred that the boundary in between, which is concealed by alluvium, is a locus of major tectonic offset.
Stop 6: Coso Dike at Cactus Flat
Directions. This stop is located at UTM 418900E, 4008439N, ~5 mi southeast of Olancha. From Olancha, drive south on US-395 ~1.5 mi to Cactus Flat Road (opposite the fi re station). Turn east and drive past the pumice mine (mine is 4.2 mi from intersection of Cactus Flat Road and US-395). Two and a half miles beyond the mine, make a left turn on a narrow dirt road, and 0.4 mi beyond this, turn left at a side road at UTM 419210E, 4007018N. Continue down this road ~0.5 mi and park at UTM 419490E, 4007610N. An outcrop of the Coso dike is obvious in the hillside north-northwest of the parking area.
Description. This is Stop 11 of Glazner et al. (2005) . Cretaceous dikes in the Coso Range were fi rst described by Duffi eld et al. (1980) as steeply dipping, W-striking, conspicuously K-feldspar and quartz-phyric granitic dikes that are up to 10 m thick. Whitmarsh (1998) named these dikes the Coso dike swarm, mapped the dikes in signifi cant detail, and obtained a preliminary U-Pb zircon date of ca. 84 Ma from a thick dike in the swarm exposed near Upper Centennial Flat. One of us (Glazner) made a reconnaissance trip into the Coso Range in 1996 and noted the strong similarity between the Coso and Golden Bear dikes and proposed that the two areas might once have been contiguous. Kylander-Clark (2003) tested this correlation and found identical ages of 83.5 Ma for the two swarms, overlapping geochemistry, and similar, unique wall rocks (102 Ma leucogranite) that strongly support correlation of the two areas and ~65 km of dextral displacement.
At this locality, the Coso dike (Fig. 25) is >20 m wide, strikes 281°, and dips ~80°N. The quartz monzonite porphyry contains 1-5-cm-long euhedral K-feldspar phenocrysts that locally contain Carlsbad twins. Plagioclase occurs as small (2-4 mm) subhedral, subequant grains. Quartz occurs in euhedral Figure 25 . Westernmost outcrop of Coso dike swarm in the Coso Range (Stop 6). View is to the northwest from Cactus Flat. The dike is ~20 m thick, strikes W, and forms the prominent crags on skyline; the skyline behind is underlain by Pliocene mafi c volcanic rocks that overlap the dike. bipyramids that range from 2 to 8 mm in diameter. Biotite is the major mafi c mineral, occurring as small (typically 1 mm) subhedral to euhedral grains. Looking east, the dike continues on strike, but is diffi cult to follow from a distance.
Stop 7: Northern Coso Range Piedmont
Directions. This stop is located at UTM 413630E, 4019852N. From Olancha, head east on CA-190, ~3.5 mi from the intersection with US-395 (~1 mi west of the well-marked road to Dirty Sock Corporation Yard) and park on the side of the road along the broad shoulder.
Description. The thing to look at, stand on, and walk around here is evidence for surface rupture during the 1872 Owens Valley earthquake. With a little searching, you will fi nd a series of rightlaterally displaced Holocene beach ridges on the north side of the highway that were discovered by Burt Slemmons and his colleagues ~30 years ago and that are on trend with the Owens Valley fault to the north where it heads into the playa from Bartlett Point (Fig. 11) . Slemmons et al. (2008) argue that the offset beach ridges indicate that surface rupture during the 1872 earthquake extended all the way to the Coso Range piedmont, rather than dying out at Bartlett Point as suggested by Beanland and Clark (1994) .
Once you fi nd the offset beach ridges, look to the southeast to view tectonic-geomorphic evidence for dextral shear extending from the southern end of the Owens Valley fault into the northwest Coso Range. There is a large push-up ridge ~3 km south of the road where the fault zone that offsets the beach ridges terminates or makes a left step. About 3-4 km south of the road is a high, N-facing wave-cut scarp at ~1160 m (3800 ft) elevation along the northern Coso Range piedmont. This scarp was last inundated ca. 24 ka during a Tioga-age pluvial highstand of Owens Lake. The wave-cut scarp is visibly warped into a series of low-amplitude folds associated with a fault zone that transfers slip from Owens Valley southward through the Coso Range to the Airport Lake fault zone in Indian Wells Valley. These structures comprise the eastern tectonic margin of the Sierra Nevada microplate at this latitude.
Stop 8: Golden Bear Dike Near Independence Creek
Directions. This stop is located at UTM 387410E, 4068329N along the Sierra Nevada range front southeast of Independence. From the center of Independence, drive 4.5 mi west on Onion Valley Road. Turn south on Foothill Road and continue for 1.5 mi to the foot of the boulder-covered hill and park on the side of the road.
Description. This is Stop 6 of Glazner et al. (2005) . The Golden Bear dike crops out from the valley fl oor to the range crest and beyond, crossing the crest north of Forester Pass to eventually peter out in the headwaters of the Kern River (Fig. 6 ). Looking west from this locality, it is possible to trace the dike from the foothills up the range front to the crest of the Sierra Nevada (Fig. 26) . Here, in the foothills, the dike is shattered and dismembered due to range-front faulting and landsliding. However, most of the large boulders mantling the slope are distinctive porphyritic Golden Bear dike. West of the Independence fault (Moore, 1963) , the dike is intact, strikes nearly E-W, dips steeply, and is 10-15 m wide. Here we will see large fl oat boulders of the dike and gain an appreciation for its width the last time it is exposed passing east into Owens Valley.
The Golden Bear dike is a K-feldspar quartz monzonite porphyry with euhedral zoned phenocrysts of K-feldspar that range 2-4 cm in length and commonly display Carlsbad twins. Plagioclase is subhedral, subequant, and typically 1-4 mm in diameter. Quartz typically occurs as distinctive equant, euhedral, and bipyramidal crystals 2-5 mm in diameter. Mafi c minerals include both biotite and rare hornblende.
Stop 9: Red Mountain Fault at Birch Creek
Directions. This stop is located at UTM 384884E, 4103959N. From Big Pine, head south on US-395 ~5 mi to North Fish Springs Road. Turn west (right) on North Fish Springs Road and continue until it begins to bend back to the east (toward US-395). At the bend (a large triangular intersection), head west on Tinemaha Road. Bear to the right after 300 m, at the base of the Poverty Hills. Birch Creek Road will appear as a dirt road on the right on a very gentle right-hand turn (almost straight) parallel to the creek. This road passes through a cluster of homes, crosses Birch Creek, and then turns back to the west to parallel the creek again. Continue up the switchbacks onto the alluvial fan surface. Stay to the left (straight) at the intersection with a power-line road. The road then veers to the northwest away from Birch Creek toward the granitic Fish Springs Hills. Take the fi rst left, following Birch Creek Road back to the southwest (toward Birch Creek). In ~0.6 mi, the road descends at a W-facing scarp. Park just west of the scarp at UTM 384964E, 4103425N. Walk ~400 m north along the scarp to the large gully.
Description. Although recent extension across the southern Owens Valley, near the town of Lone Pine, is primarily accomplished by slip on the Sierra Nevada frontal fault (Le et al., 2007) , the geometry and distribution of recent faulting changes markedly in the northern part of the valley (Fig. 1) . North-striking normal faults occur in distributed arrays that extend from the foot of the range across the western piedmont to the Owens Valley fault. The best known of these structures is the Fish Springs fault, a W-side-down normal fault that forms the large scarp ~2 km east of this location. Slip on this structure appears to have been downdip and relatively steady at throw rates of 0.2-0.3 mm/yr (Martel et al., 1987; Zehfuss et al., 2001 ) since ca. 330 ka. The association of this structure with the surface trace of the Owens Valley fault has led most workers to consider them part of the same fault zone. However, the broad array of normal faults of similar orientation north and west of this location suggests that the Fish Springs fault may be simply one of a distributed array of normal faults that accommodate extension across the Owens Valley at this latitude. The goal of this stop is to examine evidence for the rates of displacement along a couple of these structures.
This stop begins at the W-facing scarp of the Red Mountain fault where it displaces alluvial fan deposits of Birch Creek (presently deeply incised to the south of the parking spot; Fig. 27 ). The topographic expression of the fault is not particularly impressive (a few meters), due to the fact that fan aggradation during and shortly after the last glacial maximum (Zehfuss et al., 2001 ) on the downthrown hanging-wall block has largely fi lled the accommodation space. Just north of the road, bouldery surfaces of this fan spill over the scarp and are continuous with sites to the east, dated by Zehfuss et al. (2001) at 13-15 ka (Fig. 27) . Approximately 100 m north of the Birch Creek road, two small (~1 m) scarps are present within this alluvial surface. These likely represent the most recent rupture along the Red Mountain fault, and, if representative of average slip, would imply single event throw rates of ~0.2 mm/yr.
The Red Mountain fault also displaces lava fl ows along the southwestern fl ank of Crater Mountain. Continue northward along the fault scarp, until you reach a large gully draining through the Fish Springs Hills (~300 m). East of this gully, fl ows are exposed capping a fan deposit with a moderately well-developed soil profi le. West of the gully, the fl ow has been displaced vertically ~12-14 m and buried by younger alluvium. Cosmogenic ages from the fl ow surface indicate that the fl ow is 70 ± 14 ka (Kirby et al., 2008) and suggest late Pleistocene throw rates of ~0.2 mm/yr. Thus, the Red Mountain fault appears to exhibit similar slip rates to the Fish Springs fault.
From this vantage, one can see the Birch Mountain fault, the northernmost segment of the Sierra Nevada frontal fault system. The scarp is apparent south of Tinemaha Creek, where it displaces steep talus and debris-cones at the base of the range, and north of the creek, as it trends upslope toward the prominent cliff at the base of Birch Mountain. The fault displaces Tiogaage moraines in both the Tinemaha and Birch Creek drainages (Fig. 17) . Total throw on the structure in these localities varies from 7 to 9 m, and 36 Cl ages of boulders from the moraine crest in Tinemaha Creek indicate an age of 13-15 ka (Greene et al., 2007) . Thus, throw rates on this segment of the Sierra Nevada frontal fault are ~0.5-0.7 mm/yr Notably, these rates are two to three times greater than those measured along the southern segments of this fault system (Le et al., 2007) . Directions. This stop is located at UTM 385102E, 4111923N. Just before entering Big Pine from the south on US-395, turn west (left) on Big Pine Dump Road. At the trash/recycling facility, stay to the left onto the dirt road. Stay straight (west) until the intersection with a power-line road. From here, you will see the old town dump. Drive just past the old dump and park under the power lines (~0.3 mi from start of dirt road). Watch out for old nails.
Description. At this stop, we will examine evidence for long-term lateral displacement along the Owens Valley fault. From the parking lot near the recycling center, walk west along the dirt road for ~300 m. The high-tension power lines visible to the west mark the approximate trace of the Owens Valley fault through this locality. The E-facing scarp of the fault within basalt fl ows from Crater Mountain is visible as a ~5-7 m high, broken cliff (Fig. 28) . At the base of this scarp, fi ne-grained alluvium has fi lled a small extensional step in the fault zone. Anthropogenic activity (the historic town dump) has obliterated any trace of the 1872 rupture through this alluvium, although a strand of the fault is visible as a small scarp ~300 m north of this locality (Beanland and Clark, 1994) .
The apparent right-lateral separation of the fl ow margin with the modern alluvium is interpreted to refl ect dextral displacement across the fault (Kirby et al., 2008) . Subsurface surveys using ground-penetrating radar do not reveal any shallow refl ectors associated with a buried fl ow margin on the east side of the fault. Rather, the fl ow margin visible on the surface appears to represent the former extent of the fl ow (Kirby et al., 2008) . West of the fault, however, young alluvial material did bury the fl ow margin; prominent islands of basalt are visible above alluvium (Fig. 16) . Surveys in this region suggest that the fl ow margin extends to a position near the prominent protrusion of basalt along the fault scarp (Fig. 16) . Restoration of this margin with the exposed fl ow on the east side of the fault suggests ~235 ± 15 m of lateral displacement along the Owens Valley fault in the past 70 ± 14 k.y. Thus, right-lateral slip rates along the northern Owens Valley fault appear to have been 3.6 ± 1.0 mm/yr over the past 56-80 k.y. (Kirby et al., 2008) . CA-266 and go ~7.1 mi to a dirt track leading off to the west (just north of White Wolf Canyon Road to the east). Go ~1.5 mi toward the large shutter-ridge. Continue on the dirt track, bearing to the northwest and paralleling the fault, for another 0.3 mi and park near the incised channel (Fig. 18) . Walk ~0.1 mi west up the westernmost fault scarp to the apex of the fan.
Description. Just south of the canyon mouth at Furnace Creek, the Fish Lake Valley fault is exposed as two parallel NWstriking strands displacing a late Pleistocene alluvial fan complex ( Fig. 29 ; Frankel et al., 2007b; Reheis et al., 1995; Reheis and Sawyer, 1997) . Prominent scarps are exposed in the alluvial fans with the western strand dipping to the NE and the eastern strand dipping to the SW, and with other small normal fault scarps scattered across the fan surfaces . The area between the two fault strands is down-dropped in a small pullapart basin (parking area is at the northern end of this pull-apart structure). Just south of the offset late Pleistocene fan is a large NW-SE-striking shutter-ridge, which is bounded on its northeast and southwest sides by the two fault strands .
Although a number of alluvial fan surfaces are mapped in this location , the primary surface of interest is the late Pleistocene Qfi o deposit (Qfi of Reheis et al., 1995) , which is displaced by the fault (Fig. 18) . Cosmogenic nuclide 10 Be dates from the Qfi o surface yield an age of 94 ± 11 ka (Frankel et al., 2007b) .
A recent reexamination of offset channels at this location using ALSM data revised the late Pleistocene offset to 290 ± 20 m ( Fig. 18 ; Frankel et al., 2007b) . Combining the 290 ± 20 m of displacement determined from ALSM topography with the cosmogenic 10 Be age of 94 ± 11 ka for the Qfi o surface yields a minimum late Pleistocene, right-lateral slip rate of 3.1 ± 0.4 mm/yr for the Fish Lake Valley fault zone at Furnace Creek (Frankel et al., 2007b) .
Stop 12: Fish Lake Valley Fault at Indian Creek
Directions. This stop is located at UTM 396137E, 4182771N. From Dyer, Nevada, head ~8.5 mi north on NV-264 (~16.8 mi north of the California-Nevada border). Turn west on Indian Creek Road (dirt) and continue for ~5 mi until you reach the prominent E-facing scarp near the canyon mouth at UTM 395992E, 4183225N. Park just west of the scarp on the south side of the road (Fig. 19) . Walk ~0.3 mi south along the base of the scarp to the third deeply incised channel cutting the footwall. Climb up to the top of the scarp at this location for a good view of the fault zone.
Description. The fault scarps at Indian Creek are located at the northern end of the northern Death Valley-Fish Lake Valley fault system. The fault zone splays into numerous normal faults in this location (Reheis et al., 1993) , however, a signifi cant strikeslip component is still present (Fig. 19; Frankel et al., 2007b; Reheis et al., 1993; Reheis and Sawyer, 1997) . Most of the faulting at this site displaces the late Pleistocene Qfi y surface (Figs. 19 and 30; Qfi of Reheis et al., 1993) . The dextral component of slip at this location is restricted to a single strand of the fault near the eastern range-front of the White Mountains (Fig. 19) . The strikeslip component of the fault zone is expressed as a prominent scarp cutting the Qfi y and Qfl surfaces (Frankel et al., 2007b; Reheis et al. 1993; Reheis and Sawyer, 1997) .
The Qfi y surface at Indian Creek has a similar set of soil and morphologic characteristics as the Qfi o surface at Furnace Creek. Eight tightly clustered cosmogenic nuclide 10 Be surface exposure dates from boulders on the Qfi y fan surface have a mean age and standard deviation of 71 ± 8 ka (Frankel et al., 2007b) . Frankel et al. (2007b) used ALSM data to revise the late Pleistocene displacement history to 178 ± 20 m on the basis of six offset channels (Fig. 19) . A late Pleistocene slip rate of 2.5 ± 0.4 mm/yr results from the offset determined with ALSM data combined with the 71 ± 8 ka 10 Be age of the Qfi y surface at Indian Creek (Frankel et al., 2007b) . 
